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ABSTRACT
As the most important structural and functional protein of cardiomyocyte, myosin is
sensitive to mechanical and hormonal stimulus during cardiac hypertrophy. Accumulating
evidence suggests that the changes in myosin during cardiac hypertrophy can eventually
lead to heart failure. Therefore, the effective detection of the structural changes in myosin
is critical to understanding the underlying mechanisms of cardiac hypertrophy and
contributes to the early diagnose and treatment of cardiac hypertrophy.
Changes in myosin during the development of cardiac hypertrophy are not limited to
tissue, cellular or sub-cellular levels such as series and parallel addition of sarcomere.
Before cardiac hypertrophy develops obvious symptoms or causes irreversible damage,
two phenomena have been confirmed to be prevalent in early cardiac hypertrophy:
mechanical tension overload and myosin expression transition, accounting for the
molecular-level structural changes in myosin. This dissertation aims to explore the
molecular-level structural changes in myosin by using second harmonic generation
imaging technology. Specifically, a custom-built polarization-resolved second harmonic
generation confocal microscope is applied to study the value changes in nonlinear
susceptibility tensor components of cardiac myosin from volume- and pressure-overload
induced hypertrophy animal models, cell culture and direction controllable stretch models,
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myosin expression transition animal models, and myosin expression transition cell culture
models.
In this dissertation, we report for the first time that 1) the ratio of nonlinear
susceptibility tensor components of cardiac myosin (d33/d15) increases significantly in
volume- and pressure-overloaded myocardia compared with the values in normal mouse
myocardia; 2) through cell stretch experiments, it is demonstrated that mechanical tension
plays an important role in the increase of d33/d15 in volume- and pressure-overloaded mouse
myocardia; 3) the polarization spectrum of cardiac myosin transits from C6 to C3v line
profile by hypothyroidism drug (propylthiouracil) inducing the transition of the cardiac
myosin expression from alpha to beta phenotype in rat myocardia; 4) it is the dynamic parts
of myosin filaments (i.e. the region where a crossbridge is formed) that cause the
differences in polarization spectra between alpha- and beta-myosin; and 5) in cell culture
experiments, it is observed that polarization spectra in single cardiomyocyte dynamically
transfer from C6 to C3v line profile by the induction of adrenergic agent (norepinephrine).
Our research suggests that the polarization-resolved second harmonic generation
microscopy is an effective tool to study the dynamic molecular-level changes in myosin
structure in living cells during cardiac hypertrophy. Clinically, our findings may contribute
to the early diagnosis and monitoring of cardiac hypertrophy-related diseases.
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CHAPTER I

INTRODUCTION

1.1 Scope of research
According to reports from American Heart Association, heart failure contributes to one of
every nine deaths in the United States and sudden cardiac arrest causes nine deaths out of
every ten victims that are attacked out of hospital [1]. Even though the heart disease become
the world’s most serious public-health issue, researches haven’t found an effective
detection and treatment for one of its leading causes, cardiac hypertrophy [2]. This is
primarily due to the limited understanding of cardiac hypertrophy at the molecular level.
For example, the physiological and pathological cardiac hypertrophies have similar
macroscopic symptoms–the abnormal enlargement in cardiomyocyte size or the thickening
of heart walls; however, the two leads to different consequences. Particularly, as the most
important structural and functional protein in cardiomyocytes, the molecular-level changes
in cardiac myosin during cardiac hypertrophy are still elusive.
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Myosin is sensitive to mechanical and hormonal stimuli in cardiac hypertrophy [3-6,
151]. Accumulating evidence suggests that the variations in myosin during cardiac
hypertrophy cause final heart failure, which are not only limited to the increased expression
or sarcomeric addition. In the process of cardiac hypertrophy, the changes in cardiac
myosin at the molecular level are reflected in two aspects: 1) the molecular structural
changes in cardiac myosin caused by mechanical tension overload (e.g., the arrangement
of myosin heads [6], the pitch angle of the alpha-helix tail of myosin [7-10], and 2) the
molecular structural changes in cardiac myosin caused by the expression transition from
alpha- to beta-myosin [11-17]. However, owing to the lack of an effective method for
studying cardiac myosin at the molecular level in living cells, the underlying mechanism
of the molecular changes in cardiac myosin during cardiac hypertrophy remain largely
unexplored.
Second harmonic generation (SHG) microscopy has been widely applied for
visualizing noncentrosymmetric biomolecules in living tissue without labeling (e.g.,
myosin filaments) [18, 19]. The SHG signal used to form an SHG image is directly
determined by the nonlinear susceptibility tensor, which is the optical property of the
biomolecule associated with its crystal structure [20, 21]. The polarization technique can
equip SHG microscopy with more functionalities and applications. A unique feature of the
polarization-resolved SHG (PR-SHG) microscopy is to retrieve the components values of
the nonlinear susceptibility tensor of a biomolecule. Therefore, PR-SHG microscopy is
well suited for exploring the crystallographic structure of myosin.
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The scope of this dissertation described herein is to develop an effective tool based on
PR-SHG microscopy and corresponding evaluation methods for studying the structural
changes in cardiac myosin at the molecular level in living cells. The animal models and
cell culture models used in the dissertation include the volume-overload and the pressureoverload induced cardiac hypertrophy animal models, the direction-controllable stretch
induced cardiac hypertrophy cell culture model, the drug induced myosin expression
transition animal models and the drug induced myosin expression transition cell culture
models.
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1.2 Research goals and specific aims
In the long term, we aim to achieve early diagnosis of pathological cardiac hypertrophy at
the molecular level by studying the response of PR-SHG signals to the structural changes
in myosin. The objective of this dissertation is to test the following hypotheses concerning
the process of cardiac hypertrophy: 1) the structural changes in cardiac myosin induced by
mechanical tension overload lead to an increase in the ratio values of second-order
nonlinear susceptibility tensor components, and 2) PR-SHG microscopy can be used to
observe the expression transition of cardiac myosin from alpha- to beta-myosin by
detecting the differences in lattice structure (optical symmetry) between the two myosin
isoforms.
To test these hypotheses, we mimic cardiac hypertrophy conditions by pressure and
volume overload and use hypothyroidism drugs to induce the expression transition from
alpha-myosin to beta-myosin in mammalian myocardia. In addition, a neonatal rat
ventricular cardiomyocyte (NRCM) culture model is developed to mimic the
microenvironment in vivo by utilizing an elastic substrate with biomimetic grooves. The
NRCM culture model helps to study the dynamic response of cardiomyocytes to the
mechanical tension and to the transition of myosin expression from alpha to beta isoform.
The specific aims are as follows.
Aim 1: Determine the ratio values of second-order nonlinear susceptibility tensor
components of cardiac myosin in hypertrophic mouse myocardia caused by pressure

4

and volume overload and compare the ratio values with the ones in normal mouse
myocardia.
In animal experiments, we use aortic transverse contraction surgery to mimic pressure
overload induced cardiac hypertrophy [4, 22], and myocardium from pregnant female
mouse is a nature model of volume overload induced cardiac hypertrophy [23, 24]. The
PR-SHG confocal microscopy is used to measure the ratio values of second-order nonlinear
susceptibility tensor components of cardiac myosin and the retrieved values from
hypertrophic myocardia are compared with the ones from normal myocardia. Because the
ratio values of second-order nonlinear susceptibility tensor components are uniquely
determined by the molecular structure of myosin [25, 26], it is possible to observe the
structural changes in cardiac myosin at the molecular level in pressure and volume overload
induced hypertrophic myocardia.
Aim 2: Determine the dynamic changes in ratio values of second-order nonlinear
susceptibility tensor components of cardiac myosin in mechanical tension induced
cardiac hypertrophy NRCM culture model
NRCM culture and stretch model is used to further explore the mechanism underlying
the changes in second-order nonlinear susceptibility tensor components of cardiac myosin
during cardiac hypertrophy and to quantify the relationship between the mechanical tension
and the value changes in second-order nonlinear susceptibility tensor components. In this
model, neonatal rat ventricular cardiomyocytes are seeded on an elastic biomimetic
grooved PDMS substrate (aligned topographical features), which guides the longitudinal
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assembly of myofibrillar bundles and the alignment of NRCMs. A three-dimensional
matrix mixture of collagen and fibronectin is coated on the top of the grooved PDMS
substrate for the purpose of maximally mimicking the response of cardiomyocytes to
mechanical tension in a vivo environment. Our PR-SHG confocal microscope is equipped
with an on-stage incubator, allowing us to observe the dynamic responses of cells to
mechanical tension.
Aim 3: Determine the changes in PR-SHG signal caused by the expression
transition from alpha- to beta-myosin induced by hypothyroidism drug
(propylthiouracil) in rat myocardium and adrenergic agent (norepinephrine) in
NRCM culture model.
Two myosin isoforms are expressed in cardiac myocytes. For large mammals, the
myocardium is dominated by beta-myosin, while the opposite situation is true for small
mammals, i.e. alpha-myosin dominates [17, 27]. It has been demonstrated that the ratio of
these two isoforms varies in different pathological states of heart disease [11-17]. Our
experimental results indicate that the cardiac myosin of small mammals possesses C6
symmetric structure, which is consistent with the reported observations, while cardiac
myosin possessing C3v symmetric structure predominates in the myocardia from large
mammals, such as pig and human. Besides, in pressure overload induced hypertrophic
mouse myocardia, it is found that about 10% of polarization spectra of cardiac myosin have
C3v line profile, and the remaining 90% are C6 symmetric. We believe this phenomenon
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is related to the expression transition of myosin from alpha- to beta-isoform during pressure
overload induced cardiac hypertrophy.
To prove the hypothesis that alpha- and beta-myosin possess different crystal
symmetries, propylthiouracil (PTU) is used to induce the expression transition from alphato beta-myosin in rat myocardium and the PR-SHG signal changes are monitored before
and after the expression transition. Combined with western blot, the relationship between
the PR-SHG signal changes in cardiac myosin and the beta-myosin expression levels is
studied quantitatively. The low-damage and label-free properties of PR-SHG microscopy
allow us to observe the dynamic variations of PR-SHG signal in single living
cardiomyocyte. In addition, the alpha-to-beta myosin transition inducer norepinephrine
(NE) is applied to the NRCM culture model to observe the dynamic changes in the PRSHG signal corresponding to the myosin expression transition.

7

1.3 Significance
Many studies have shown that when myosin generates active mechanical tension, its
molecular structure changes, and passive mechanical tension can also multiply the length
of myosin molecules [7, 10]. Besides, significant changes in the ratio of alpha- to betamyosin are observed in hypertrophic heart samples [11-17]. These phenomena occurring
in early stage of cardiac hypertrophy have potential to cause the final heart failure.
It is rational to believe that the structural and functional changes at the molecular level
during the development of heart diseases are far ahead the changes at the cellular or
organizational/organ levels. However, most of the reported studies about cardiac
hypertrophy are confined to the tissue level (e.g. heart weight, volume and pumping
capacity/frequency) or the cellular level (e.g. cardiomyocyte morphology and sarcomeric
addition and division [28]). It is difficult to study the cardiac hypertrophy at the subcellular
or even the molecular levels due to the lack of research methods. Another challenge is to
study the dynamic response of myosin in living cells. The study of the expression transition
from alpha- to beta-myosin during cardiac hypertrophy presents us with the same difficulty
because the transition cannot be located to a single cardiomyocyte, let alone studying the
expression transition in living cardiomyocytes. Therefore, making clear of the dynamic
changes in cardiac myosin at the molecular level could effectively help us develop early
diagnose and early intervention in preventing damage to the heart during cardiac
hypertrophy.
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Although the properties of the two myosin isoforms are not fully understood, it is
certain that a small variation in the ratio of the two myosin isoforms significantly alters the
heart function [29]. And a large amount of data show that the ratio of the two isoforms in
the myocardium transits from alpha to beta isoform under pathological conditions.
Therefore, it is of great significance to effectively distinguish and precisely quantify the
two myosin isoforms. Compared with the traditional method (e.g., western blot), the
research introduced herein may develop a new method to accurately and rapidly quantify
the ratio of alpha- and beta-myosin in living tissues and allows us to observe the dynamic
transition between alpha- and beta-myosin in single living cell.
In a broader scientific context, the analytical method developed in this project is also
valuable for studying other tissues (e.g., skeletal muscle) or proteins (e.g., collagen).
Moreover, it also has great application prospects in evaluating the culture model of
cardiomyocytes, assessing the effectiveness of drugs acting on cardiac myosin at the
molecular level and so forth. As an interdisciplinary research, this study provides a new
idea for the application of nonlinear optics in biology.
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1.4 Innovation
The innovation of this study includes two aspects: 1) innovation in research method and 2)
innovation in research content.
The current method of studying cardiac myosin face the following bottlenecks: 1) the
lack of a viable cardiomyocyte culture and stretch model makes them difficult to study or
simulate the response of cells to mechanical tension in an approximate vivo environment;
2) researches on cardiac hypertrophy are limited to the cell or tissue level, and cannot
penetrate to the molecular level; 3) most of the current imaging and immunohistochemistry
methods for cardiomyocytes can only be applied to fixed cells or tissues and are difficult
to study the dynamic responses in living cells; and 4) there is currently no effective method
for rapid quantitative detection of alpha- and beta-myosin in living cardiomyocytes.
In this study, a NRCM culture model is developed on an elastic biocompatible grooved
substrate. The culture model simulates in-vivo microenvironment by providing
microgrooves that resemble the fibrillar structure of collagen in a three-dimensional ECM.
Therefore, the cell culture and stretch models allow us to align cardiomyocytes while
applying mechanical load directly to cardiomyocytes. Our novel PR-SHG confocal
microscopy can visualize sarcomere structure without any labeling. It can also detect the
structural and orientational changes in cardiac myosin at the molecular level by associating
the molecular structure of myosin with the second-order nonlinear susceptibility tensor
components. In addition, our PR-SHG confocal microscope is equipped with an on-stage
incubator, which can minimize the damage to cardiomyocytes during image collecting, and
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thereby helping to reveal dynamic response of cardiac myosin for a relatively long period
of time in living cells.
Regarding research content, the role of mechanical tension in the myocardium has
been the focus of cardiac research. Normal mechanical tension is essential to maintain heart
structure, cardiomyocyte alignment, and protein expression. It has been confirmed that the
overloaded mechanical tension significantly alters the structure of the heart, the
morphology of the cardiomyocytes and the number of sarcomeres [28, 30]. However, the
effects of mechanical tension on myosin in living cells at the molecular level have not been
studied in depth. The research herein tries to fill this gap. In addition, the reported studies
on the two myosin isoforms mainly focus on their differences in biochemical properties.
There has been no substantial breakthrough in the study of how to accurately distinguish
or quantify the alpha- and beta-myosin in living cells. Our research may open up a new
avenue of identifying these two isoforms.
Moreover, observing myosin structure under different pathological conditions and
different isoforms by nonlinear optics is an innovative attempt in the field of cardiac
hypertrophy detection and diagnosis. Our PR-SHG microscopy is expected to reveal neverbefore-seen dynamic changes in cardiac myosin during cardiac hypertrophy.
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CHAPTER II

BACKGROUND

2.1 Myosin and sarcomere
2.1.1 The hierarchy of contractile unit in mammalian heart
The mammalian heart, one of the earliest organs beginning to function during embryonic
development [31], has four chambers (left/right atria and left/right ventricle). Its main
function is to power the blood to all parts of the body. Initially, the right atrium connected
to the venous circulation recycles oxygen-poor blood from organs and the right ventricle
pumps the received oxygen-poor blood into lungs. The left atrium connected to the lungs
receives oxygen-rich blood from the lungs and the left ventricle finally pump the oxygenrich blood to the systemic circulation that serves all organs. The function of heart as a blood
pump relies on the contraction. Figure 2.1 shows the hierarchical structure of contractile
unit in different dimensions in mammalian heart. The most basic contractile unit in
cardiomyocytes is sarcomere [32], which repeats itself along the longitudinal direction of
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a myofibril. Currently, the smallest scale of past reported researches on cardiac
hypertrophy is limited to sarcomere level (e.g., sarcomeric addition) [28, 32].

Figure 2.1 The hierarchical structure of contractile unit in mammalian heart.
A sarcomere comprises hundreds of ordered protein subunits [33]. From the TEM
images, sarcomere is composed of light and dark bands [34]. The dark bands (A-bands)
mainly include myosin thick filaments and actin thin filaments. The light bands (I-bands)
mainly include actin filaments and titin, as shown in Figure 2.2. Antiparallel actin
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filaments are cross-linked by α-actinin at the Z discs which define the boundaries of
sarcomere [35]. Myosin filaments are associated with each other by myosin binding protein
C [36] and cross-linked by myomesin at the middle of A-band (M line) [37].

Figure 2.2 The basic structure of sarcomere.
Myosin filament, ~1.6 µm in length, contains two parts: backbone (consisting of
myosin tails) and myosin heads. Myosin heads project out of the backbone and form crossbridge with actin. Myosin heads are arranged in a periodic way, an identical repeat at every
43 nm interval. Since there are another two myosin head crowns arranged in a right-hand
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spiral between the two identical repeats, the distance and angle between each crown is 14.3
nm and 40 degree. Each thick filament has about 300 myosin heads [38].
Titin spans from Z disc to M line and is believed to be a molecular ruler for myosin
thick filaments [39, 40]. Myosin molecules lay themselves down along the titin template
with the tail regions pointing toward the middle of the myosin filament. Therefore, the
middle of the myosin filament only contains tails and the heads are located at the ends of
myosin filament. Accordingly, the myosin filament is polarized with a “bare zone” at the
middle.

Figure 2.3 The basic structure of a single myosin molecule.
The myosin molecule (the weight of which is about 480 kDa) is a complex of six
proteins. It consists of two heavy chains and two pairs of myosin light chains. The two
heavy chains have functionally distinct regions, a rod-shaped tail and a globular head. The
tails of the two heavy chains are twisted together to form an alpha-helix supercoil (as shown
in Figure 2.3). Then the supercoil aggregates together to form the backbone of myosin
filament. The head is connected to the tail part by an arm section. The heads interact with
the thin filament actin and form cross-bridges to generate active force and resist passive
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mechanical tension [41]. The two myosin light chains, located at the arm part, associate
with each of myosin heads. It has been reported that the contraction cycle of the myosin is
regulated through phosphorylation and dephosphorylation of the light chains [42, 43].

2.1.2 Processes of sarcomere contraction
Before studying the structural changes in myosin during cardiac hypertrophy, it is
necessary to clarify the contraction process of cardiomyocytes, since it is crucial for our
later experimental design (e.g., how to make all cardiomyocytes in the same contraction
state, how to synchronize cell beating) and phenomena interpretation. The contraction
process of cardiomyocyte can be roughly summarized as the following 7 steps:
Step 1: Cardiomyocyte contraction begins, when an action potential travels down a
neuron connected to cardiomyocyte. The neuron cell releases neurotransmitter
(acetylcholine) to synaptic cleft. The synaptic cleft is a neuromuscular junction between
neurons and cardiomyocytes. The cardiac action potential is not initiated by nervous
activity. Instead, a group of specialized cells in the right atrium called the sinoatrial node
generate the automatic action potential.
Step 2: The binding of acetylecholine to the receptor causes a large amount of sodium
ions to enter the cardiomyocyte. This process is called depolarization, because
cardiomyocytes are negatively charged. Meanwhile, T tubules that penetrate deep into
cardiomyocytes also help the rapid depolarization of cardiomyocytes.
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Step 3: During depolarization, sarcoplasmic reticulum (similar to endoplasmic
reticulum) releases a large amount of calcium ions. Calcium ions combine with troponin,
a protein attached to actin, and alter the position of the tropomyosin on actin, thereby
exposing the myosin binding sites on the actin.
Step 4: Initially, myosin heads are in an activated status with ADP and P bound to
them. After the exposure of the binding sites on the actin, the myosin heads bind to the
myosin binding sites, and the cross-bridge is formally formed. The energy released from
ATP hydrolysis activates the myosin cross bridges, resulting in the sliding of myosin heads
on actin. The sliding of the cross bridges draws the Z lines towards each other, and thus
the sarcomere shortens.
Step 5: ADP and P are released after the sarcomere shortens. A new ATP combines to
the myosin head and detaches the myosin head from actin. ATP hydrolysis causes myosin
heads back to the active status.
Step 6: Acetylcholine is inactivated by acetylcholinesterase, inhibiting the nerve
impulse conduction across the sarcolemma.
Step 7: Calcium ions are actively transported back into the sarcoplasmic reticulum and
sodium ions and potassium ions outflow cells. This process is called hyperpolarization or
repolarization.
As long as calcium ions and ATP are present, the above steps repeat as the next action
potential arrives. The contraction of cardiomyocytes is an alternating cycle of
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depolarization and hyperpolarization. During depolarization, sodium ions flow inward,
whereas during hyperpolarization, potassium ions flow outward. When the potassium ion
level in culture solution is increased, the concentration gradient of potassium ions between
the both sides of cell membrane decreases, and the potassium ion outflow is inhibited.
Accordingly, the corresponding repolarization cannot be induced. In this situation, the
cardiomyocytes stay in a relaxation status. If calcium ions and ATP are present, myosin
heads keep binding with actin.

2.1.3 Alpha-myosin and beta-myosin
Mammalian heart expresses alpha- and beta-myosin from two separate genes. The ratio of
the expressed myosin isoforms varies between species [44, 45]. Larger mammals (e.g., pig
and human) express predominantly beta-myosin in cardiac ventricles, while hearts from
small mammals (such as rat and mouse) express predominantly alpha-myosin. The ratio of
alpha- and beta-myosin in mammlian myocardium also veries between different
developmental stages. In the case of mice, both alpha- and beta-myosin are simultaneously
expressed at the embryonic stage. However, after the birth of neonatal mouse, the cardiac
beta-myosin disappears within a few days. [46, 47]. Pandya K and coworkers used gene
editing technology to fuse the yellow fluorescent protein gene into the cardaic beta-myosin
gene (MYH7) to study the expression of beta-myosin as a function of age. They found that
beta-myosin disappeared within a few days after the birth of neonatal mice [47].
It has been reported that many stimulis (e.g., exercise and mechanical tension) affect
the relative ratios of the two cardiac isoforms. For example, in rodent myocardium,
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induction of beta-myosin is a indicator of pathology [47]. In addition, researchers have
demonstrated that normal human ventricles express ~10% of cardiac myosin as alphamyosin isoform. However, there are no detectable alpha-myosin in failing human hearts
[14, 48]. Significant negative linear correlations are observed between the percentage of
alpha-myosin and the indexed left ventricle transverse diameter. And reportedly, chronic
alcohol intake can significantly change the ratio of the two myosin isoforms in mammalian
myocardia [49]. The transition is considered to be energetically favorable, but this might
be offset by depressed cardiac function.
The two cardiac myosin isoforms are functionally different. Hearts expressing alphamyosin exhibit greater contractility than the beta-myosin predominant hearts [50]. Myosin
isolated from a small mammalian heart has three to four times higher calcium-ATPase
activity than myosin purified from a heart expressing beta-myosin. Therefore, alphamyosin represents a ‘fast’ calcium-ATPase myosin and beta-myosin represents a ‘slow’
calcium-ATPase myosin. In addition, it has been reported that alpha-myosin is about tenfold faster than beta-myosin in terms of ATP hydrolysis and·alpha-myosin exhibits faster
ADP release [51]. However, alpha-myosin exhibits about five-fold weaker actin affinity
than beta-myosin. In general, alpha-myosin has a faster cycle rate, while beta-myosin
provides greater contraction and higher energy efficiency. Ivan Rayment and his coworkers
demonstrated that 10-30% of cardiac hypertrophy in human is caused by mutations in
cardiac beta-myosin gene (MYH7). And most of the mutations are clustered around four
specific locations in myosin head [52].
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The study of myosin components in mammalian myocardium is of particular
importance because the ratio of the two myosin isoforms is in direct correlation with
cardiac performance. Studies indicate that a small change in the ratio of the two myosin
isoforms significantly alters the power output of heart [29]. However, the two myosin
isoforms show considerable homology, although the two are functionally distinct (e.g.,
only 131 amino acid residues of the 1938 amino acid residues in alpha and beta myosin are
non-identical [49-51], and the difference in molecular mass is less than 0.2% [53]).
Traditional methods of distinguishing between the two myosin isoforms are inefficient (e.g.,
western blot) and cannot be applied to living tissues, and it is even less likely to observe
the dynamic transition of the two myosin isoforms in a single living cardiomyocyte.
Gene map has proven that the amino residues situated within or close to the actinbinding interface of the myosin head affect actin binding and thereby modulate actinactivated ATPase activity. Maike Krenz and coworkers created a hybrid myosin containing
beta myosin head within the alpha myosin backbone. The ATPase activities exhibited in
hybrid myosin are depressed to the levels observed in hearts expressing beta myosin [54],
indicating that the main difference between alpha-myosin and beta-myosin is located in the
myosin head.
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2.2 Principles of polarization-resolved second harmonic
generation microscopy
2.2.1 Theoretical derivation
Nonlinear optics describes the interactions between optical fields and optical matters. In
the domain of linear optics, the optical responses of a material system scale linearly with
the intensity of the incident light, e.g., reflection and absorption. However, when the
incident light is sufficiently intense (e.g. light intensity reaches ~106 V/m or higher), the
characteristics of the optical crystal will depend in a nonlinear manner on the intensity of
the incident field, i.e. stepping into the domain of nonlinear optics. Second harmonic
generation (SHG) is a second-order nonlinear optical process, which is of great use in
imaging biological materials.
The dipole model is often used as an effective guide to intuitively understand the SHG
response. In this classical model, the optical properties of a molecular are described by its
dipole moment. When molecules with a symmetric dipole are irradiated by external
electromagnetic waves at optical frequency of ω, the induced electron oscillation will
follow the frequency of the incident waves and generate a new electromagnetic wave at the
same frequency ω. This process is commonly referred as Rayleigh Scattering (a
phenomenon in linear optics). If molecules with asymmetric dipole interact with the
incident waves, the asymmetry of charge distribution will perturb the electron oscillations
in the dipole, radiating a scattering wave with twice the incident frequency 2ω. This process
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is termed as Hyper-Rayleigh Scattering (HRS). When the collective response of N
molecules is taken into consideration, the total HRS signal will strongly depend on the
molecule orientation distribution. In the case of randomly oriented molecules, individual
HRS contributions have random phases and thus add incoherently. Accordingly, the total
HRS signal scales as the number of molecules N. However, if the molecules are highly
regularly arranged, the phases of the individual HRS contributions will be locked to the
phase of the driving laser field, leading to the coherent interference of the HRS waves from
all the molecules. This case is called SHG effect with the total power scaling as N2.
For the quantitative analysis and the deeper understanding of SHG, the following
Maxwell’s equations are considered:
𝜕𝜕𝑩𝑩

∇ × 𝐄𝐄 = − 𝜕𝜕𝜕𝜕
∇×H =J+

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

(2.1)

(2.2)
(2.3)

∇ · D = 𝜌𝜌0

(2.4)

∇·B=0

where E is the electric field strength, H is the magnetic field strength, D is the electrical
displacement vector, and B is the magnetic induction vector. ρ0 and J are the free charge
density and the free-current density respectively, representing the sources generating the
electromagnetic fields. The physical interpretations of the four equations are briefly
summarized as follows: 1) A changing electric field produces a magnetic field. 2) A
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changing magnetic field generates an electric field. 3) Charges are the sources of electric
field. And 4) there is no source of magnetic fields. For a non-magnetic medium, the
relationships between E, D, B, and H can be described by the material equations:
D = ε0 E + P
B = μ0 H

(2.5)
(2.6)

where ε0 is the free space permittivity, and μ0 is the free space permeability. P is the

polarization density, depending on the material properties and the applied electric field
intensity. In general, polarization P can be expressed as a power series in the field intensity:
P = 𝜀𝜀0 [𝜒𝜒 (1) 𝐸𝐸 + 𝜒𝜒 (2) E 2 + 𝜒𝜒 (3) E 3 + ⋯ ]
≡ 𝑃𝑃(1) + 𝑃𝑃(2) + 𝑃𝑃(3) + ⋯,

(2.7)

where the quantity 𝜒𝜒 is known as the electric susceptibility tensors, which is determined

by the lattice structure of optical crystal. The first term of Equation (2.7) P(1) represents the
linear polarization density with linear susceptibility of 𝜒𝜒 (1) . This term is mainly related to

the linear absorption, reflection and scattering of light. 𝜒𝜒 (2) and 𝜒𝜒 (3) denotes the second-

and third-order nonlinear susceptibilities. It is worth noting that to meet the vector nature
of the fields, 𝜒𝜒 (1) is an actually second-rank tensor, 𝜒𝜒 (2) is a third-rank tensor, and so on.

The second term P(2), referred as the second-order nonlinear polarization, depends

quadratically on the electric field. This term describes the second-order nonlinear processes
including SHG, sum and difference frequency generation. The third term P(3) describes the
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third-order nonlinear processes including the third harmonic generation, two- and threephoton absorption, stimulated Raman processes and coherent anti-Stokes Raman scattering
and so forth.
Taking curl on both side of Equation (2.1), the following relationship will be obtained:
𝜕𝜕𝜕𝜕

∇ × ∇ × E = −∇ ×

𝜕𝜕𝜕𝜕

(2.8)

In mathematics,
∇ × ∇ × E = ∇(∇ · E) − ∇2 𝐸𝐸

(2.9)

Applying Equation (2.6) and Equation (2.9) into Equation (2.8), we get:
∇(∇ · E) − ∇2 𝐸𝐸 = −μ0

𝜕𝜕∇×𝐻𝐻

(2.10)

𝜕𝜕𝑡𝑡

For a passive media, ∇·D=0, we can substitute Equations (2.2) and (2.5) into Equation
(2.10) yields:

𝜕𝜕 2 𝐸𝐸

−∇2 𝐸𝐸 = −μ0 ε0 𝜕𝜕𝑡𝑡 2 − μ0

𝜕𝜕 2 𝑃𝑃 (1)
𝜕𝜕𝑡𝑡 2

− μ0

𝜕𝜕 2 𝑃𝑃(𝑁𝑁𝑁𝑁)
𝜕𝜕𝑡𝑡 2

(2.11)

where 𝑃𝑃 (1) = 𝜀𝜀0 𝜒𝜒 (1) 𝐸𝐸 is the linear polarization density, and 𝑃𝑃(𝑁𝑁𝑁𝑁) is the nonlinear
polarization density.

𝜕𝜕 2 𝐸𝐸

𝜕𝜕 2 𝐸𝐸

−∇2 𝐸𝐸 = −𝜇𝜇0 𝜀𝜀0 𝜕𝜕𝑡𝑡 2 − 𝜇𝜇0 𝜀𝜀0 𝜒𝜒 (1) 𝜕𝜕𝑡𝑡 2 − 𝜇𝜇0
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𝜕𝜕 2 𝑃𝑃 (𝑁𝑁𝑁𝑁)
𝜕𝜕𝑡𝑡 2

(2.12)

Considering the light speed in vacuum c =

1

�𝜇𝜇0 𝜀𝜀0

and the relation 𝜀𝜀𝑟𝑟 = 1 + 𝜒𝜒 (1) = 𝑛𝑛2 ,

where n is defined as the refractive index of optical crystal, we can finally get the wave
equation describing the nonlinear process:
𝑛𝑛2 𝜕𝜕2 𝐸𝐸

∇2 𝐸𝐸 − 𝐶𝐶 2 𝜕𝜕𝑡𝑡 2 = 𝜇𝜇0

𝜕𝜕 2 𝑃𝑃 (𝑁𝑁𝑁𝑁)
𝜕𝜕𝑡𝑡 2

(2.13)

This expression can be interpreted as an inhomogeneous wave equation in which the
polarization density 𝑃𝑃 (𝑁𝑁𝑁𝑁) associated with the nonlinear response drives the electric field.

𝜕𝜕 2 𝑃𝑃(𝑁𝑁𝑁𝑁) ⁄𝜕𝜕𝑡𝑡 2 is a measure of the acceleration of the electrons. Since we focus on SHG in

this dissertation, only the second-order nonlinear polarization density is considered in the
following.

The electric field can be expressed as sinusoidal functions of the form E(t)=𝐴𝐴cos(𝜔𝜔𝑡𝑡 +

𝜑𝜑), where A is the electric field amplitude and 𝜑𝜑 represents the phase. For convenience of
calculations, we generally treat it in the complex form as follows:

E(t)=Real{𝐸𝐸0 exp(𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑖𝑖𝑖𝑖)} = Real{𝐸𝐸0 exp(𝑖𝑖𝑖𝑖) exp(𝑖𝑖𝑖𝑖𝑖𝑖)}
=

1
2

∙ {𝐸𝐸� exp(𝑖𝑖𝑖𝑖𝑖𝑖) + 𝐸𝐸� ∗ exp(𝑖𝑖𝑖𝑖𝑖𝑖)}

(2.14)

where 𝐸𝐸� = 𝐴𝐴𝑒𝑒 𝑖𝑖𝑖𝑖 denotes the complex amplitude of the electric field. Inserting Equation
(2.14) into the second-order nonlinear polarization term P(2) yields:

2
1
𝑃𝑃(2) = 𝜀𝜀0 𝜒𝜒 (2) E 2 = 4 𝜀𝜀0 �𝜒𝜒 (2) 𝐸𝐸� 2 𝑒𝑒 𝑖𝑖2𝜔𝜔𝜔𝜔 + 𝜒𝜒 (2) 𝐸𝐸� ∗2 𝑒𝑒 −𝑖𝑖2𝜔𝜔𝜔𝜔 + 2𝜒𝜒 (2) �𝐸𝐸� � �
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(2.15)

It can be found that the last term in Equation (2.15) is a DC term. Since this timeindependent DC term does not contribute to the generation of SHG signals, we neglect it
and obtain the following equations:
1
𝑃𝑃(2) = 𝜀𝜀0 �𝜒𝜒 (2) 𝐸𝐸� 2 𝑒𝑒 𝑖𝑖2𝜔𝜔𝜔𝜔 + 𝜒𝜒 (2) 𝐸𝐸� ∗2 𝑒𝑒 −𝑖𝑖2𝜔𝜔𝜔𝜔 �
4

𝑃𝑃 (2) =

1 (2) 𝑖𝑖2𝜔𝜔𝜔𝜔
1
�𝑃𝑃� 𝑒𝑒
+ 𝑃𝑃�(2)∗ 𝑒𝑒 −𝑖𝑖2𝜔𝜔𝜔𝜔 � = 𝜀𝜀0 �𝜒𝜒 (2) 𝐸𝐸� 2 𝑒𝑒 𝑖𝑖2𝜔𝜔𝜔𝜔 + 𝜒𝜒 (2) 𝐸𝐸� ∗2 𝑒𝑒 −𝑖𝑖2𝜔𝜔𝜔𝜔 �
2
4
1
𝑃𝑃�(2) (2𝜔𝜔) = 2 𝜀𝜀0 𝜒𝜒 (2) 𝐸𝐸� 2

(2.16)

By assuming the complex amplitude of the incident light 𝐸𝐸� = 𝐴𝐴1 𝑒𝑒 𝑖𝑖𝜑𝜑1 = 𝐴𝐴1 𝑒𝑒 −𝑖𝑖𝑘𝑘1 𝑧𝑧 and

substituting it into Equation (2.16), we obtain:

𝑃𝑃�(2) (2𝜔𝜔) = 𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒 𝐴𝐴12 𝑒𝑒 −𝑖𝑖2𝑘𝑘1 𝑧𝑧

(2.17)

where 𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒 is the effective susceptibility coefficient. The electric field of the newly

generated SHG signal can be written as:

𝐸𝐸𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐴𝐴3 𝑒𝑒 𝑖𝑖(𝑘𝑘3 𝑧𝑧−𝜔𝜔3 𝑡𝑡)

(2.18)

𝑃𝑃𝑁𝑁𝑁𝑁 = 𝑃𝑃�(2) (𝜔𝜔3 )𝑒𝑒 𝑖𝑖(𝜔𝜔3 𝑡𝑡)

(2.19)

The second-order nonlinear polarization density is written as:

where 𝜔𝜔3 = 2ω for Equations (2.18) and (2.19). Substituting Equations (2.17), (2.18) and

(2.19) into the wave equation yields:
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∇2 𝐸𝐸 −
𝜕𝜕2 𝐴𝐴

� 𝜕𝜕𝑧𝑧 23 + 2𝑖𝑖𝑘𝑘3

𝜕𝜕𝐴𝐴3
𝜕𝜕𝜕𝜕

− 𝐴𝐴3 𝑘𝑘32 + 𝐴𝐴3

Since the wave vector 𝑘𝑘3 =

2𝜋𝜋
𝜆𝜆

𝑛𝑛2 𝜕𝜕 2 𝐸𝐸
𝜕𝜕 2 𝑃𝑃(𝑁𝑁𝑁𝑁)
=
𝜇𝜇
0
𝐶𝐶 2 𝜕𝜕𝑡𝑡 2
𝜕𝜕𝑡𝑡 2

𝑛𝑛3 2 𝜔𝜔3 2
𝐶𝐶 2

� 𝑒𝑒 −𝑖𝑖(𝑘𝑘3 𝑧𝑧−𝜔𝜔3𝑡𝑡) = −2𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒 𝐴𝐴12 𝑒𝑒 −𝑖𝑖2𝑘𝑘1 𝑧𝑧 𝑒𝑒 𝑖𝑖𝜔𝜔3 𝑡𝑡 𝜔𝜔3 2
(2.20)

𝜔𝜔

= 𝐶𝐶⁄3𝑛𝑛, the third and the fourth terms in Equation (2.20)

cancel each other. In addition, by adopting the slowly varying amplitude approximation:
𝜕𝜕2 𝐴𝐴3
𝜕𝜕𝑧𝑧 2

≪

𝜕𝜕𝐴𝐴3
𝜕𝜕𝜕𝜕

, Equation (2.20) can be simplified as (we assume the excitation light propagates

along the z-axis here):
𝜕𝜕𝐴𝐴3
𝜕𝜕𝜕𝜕

= −𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒 𝐴𝐴12 𝑒𝑒 −𝑖𝑖2(𝑘𝑘1 −𝑘𝑘3)𝑧𝑧 𝜔𝜔3 2

(2.21)

Solving the partial differential Equation (2.21), the electric field amplitude of SHG
signal can be finally expressed as：

𝐴𝐴3 =

−𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒 𝐴𝐴21 𝜔𝜔3 2
2𝑖𝑖𝑘𝑘3

𝐿𝐿

∫0 𝑒𝑒 −𝑖𝑖2(𝑘𝑘1 −𝑘𝑘3)𝑧𝑧 𝑑𝑑𝑑𝑑

(2.22)

where L is the length of the nonlinear crystal. One can further derive the following equation
by calculating the integral in Equation (2.22):

𝐴𝐴3 =

𝑑𝑑𝑒𝑒𝑒𝑒𝑒𝑒 𝐴𝐴21 𝜔𝜔3 2 𝐿𝐿
2𝑖𝑖𝑘𝑘3

𝑒𝑒

𝑖𝑖∆𝑘𝑘𝑘𝑘
2

∆𝑘𝑘𝑘𝑘

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 �

2

�

(2.23)

where ∆𝑘𝑘 = k2ω − 2kω denotes the phase match factor, i.e. the condition of momentum

conservation. From Equation (2.23), we can learn that there are three factors that contribute
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to the intensity of the SHG signal: the second-order nonlinear susceptibility tensor, the
intensity of the incident excitation light, and the phase matching factor.
Phase matching plays an important role in the application of SHG imaging. The phase
∆𝑘𝑘𝑘𝑘

match affects not only the SHG efficiency, which scales as 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 �

2

�, but also the SHG

emission directionality. For the case of perfect phase matching, i.e., Δk = 0, the SHG
emission is 100% forward directed and co-propagates with the excitation light. This
situation holds for SHG from uniaxial crystals (e.g., potassium dihydrogen phosphate
(KDP) and β-barium borate (BBO)). As for bio-molecules (e.g., collagen myosin), the
inherent randomness and dispersion in biological tissues result in a distribution of nonzero

Δk. This imperfect phase matching gives rise to a corresponding distribution of forwardand backward-emitted components [55, 56].
2.2.2 Nonlinear susceptibility tensor and optical symmetry
In biomolecule imaging, the role of phase matching factor is usually ignored as discussed
in the last section. The second-order susceptibility 𝜒𝜒 2 solely determines the SHG signal
when the incident light power stay constant. The second-order susceptibility 𝜒𝜒 2 describes

the relationship between each component of polarization density and all incident light
components. In general, the second-order susceptibility 𝜒𝜒 2 is a third-rank tensor with 27

(3x3x3) components. As for the SHG phenomenon, since the two incident waves have the
same optical frequency, 𝜒𝜒 2 can be simplified to 18 components:
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(2)

(2)

(2)

(2)

(2)

(2)

(2)

⎡ 𝑑𝑑𝑥𝑥𝑥𝑥𝑥𝑥 𝑑𝑑𝑥𝑥𝑥𝑥𝑥𝑥 𝑑𝑑𝑥𝑥𝑥𝑥𝑥𝑥 𝑑𝑑𝑥𝑥𝑥𝑥𝑥𝑥 𝑑𝑑𝑥𝑥𝑥𝑥𝑥𝑥 𝑑𝑑𝑥𝑥𝑥𝑥𝑥𝑥 ⎤
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(2)
(2)
(2)
(2)
(2)
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𝑑𝑑𝑦𝑦𝑦𝑦𝑦𝑦 𝑑𝑑𝑦𝑦𝑦𝑦𝑦𝑦 𝑑𝑑𝑦𝑦𝑦𝑦𝑦𝑦 𝑑𝑑𝑦𝑦𝑦𝑦𝑦𝑦 𝑑𝑑𝑦𝑦𝑦𝑦𝑦𝑦 ⎥
⎢ (2)
⎥
(2)
(2)
(2)
(2)
(2)
(2)
𝑃𝑃𝑧𝑧
𝑑𝑑
𝑑𝑑
𝑑𝑑
𝑑𝑑
𝑑𝑑
𝑑𝑑
⎣ 𝑧𝑧𝑧𝑧𝑧𝑧 𝑧𝑧𝑧𝑧𝑧𝑧 𝑧𝑧𝑧𝑧𝑧𝑧 𝑧𝑧𝑧𝑧𝑧𝑧 𝑧𝑧𝑧𝑧𝑧𝑧 𝑧𝑧𝑧𝑧𝑧𝑧 ⎦
𝑃𝑃𝑥𝑥

𝐸𝐸 2
⎡ 𝑥𝑥2 ⎤
⎢ 𝐸𝐸𝑦𝑦 ⎥
⎢ 𝐸𝐸 2 ⎥
∙ ⎢ 𝑧𝑧 ⎥
2𝐸𝐸 𝐸𝐸
⎢ 𝑦𝑦 𝑧𝑧 ⎥
⎢ 2𝐸𝐸𝑥𝑥 𝐸𝐸𝑧𝑧 ⎥
⎣2𝐸𝐸𝑦𝑦 𝐸𝐸𝑥𝑥 ⎦

(2.24)

𝑥𝑥𝑥𝑥 𝑥𝑥𝑥𝑥 𝑥𝑥𝑥𝑥
𝑥𝑥
1
1 6 5
𝑦𝑦𝑦𝑦
𝑦𝑦𝑦𝑦 𝑦𝑦𝑦𝑦� → �6 2 4�
[𝑖𝑖] = �𝑦𝑦� = �2�, [𝑗𝑗𝑗𝑗] = �
𝑧𝑧𝑧𝑧 𝑧𝑧𝑧𝑧 𝑧𝑧𝑧𝑧
𝑧𝑧
3
5 4 3
(2)

𝑃𝑃𝑥𝑥

(2)

(2)

(2)

(2)

(2)

(2)

(2)

(2)

(2)

(2)

𝑑𝑑11 𝑑𝑑12 𝑑𝑑13 𝑑𝑑14 𝑑𝑑15

(2)
(2)
(2)
(2)
(2)
�𝑃𝑃𝑦𝑦(2) � = 𝜀𝜀0 �𝑑𝑑21
𝑑𝑑22 𝑑𝑑23 𝑑𝑑24 𝑑𝑑25
(2)

𝑃𝑃𝑧𝑧

𝑑𝑑31 𝑑𝑑32 𝑑𝑑33 𝑑𝑑34 𝑑𝑑35

𝐸𝐸 2
⎡ 𝑥𝑥2 ⎤
(2)
⎢ 𝐸𝐸𝑦𝑦 ⎥
𝑑𝑑16
⎢ 𝐸𝐸 2 ⎥
(2)
𝑑𝑑26 � ∙ ⎢ 𝑧𝑧 ⎥
2𝐸𝐸 𝐸𝐸
(2)
⎢ 𝑦𝑦 𝑧𝑧 ⎥
𝑑𝑑36
⎢ 2𝐸𝐸𝑥𝑥 𝐸𝐸𝑧𝑧 ⎥
⎣2𝐸𝐸𝑦𝑦 𝐸𝐸𝑥𝑥 ⎦

(2.25)

Generally, the frequency of incident excitation light is much smaller than the
resonance frequency of crystal. If the frequency of the SHG signal is also far from the
resonant frequency, the nonlinear susceptibility is essentially independent of frequency.
(2)

Therefore, 𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖 can be treated as constants. Accordingly, only 10 of the 18 second-order

susceptibility components are independent as highlighted in Equation (2.26), because there
must be symmetry with respect to permutation of the three indices according to the
Kleinman’s symmetry (full permutation symmetry) rule. The Kleinman symmetry is
widely assumed in biological tissues [57].
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𝑑𝑑22 𝑑𝑑23 𝑑𝑑24 𝑑𝑑14
(2)

𝑃𝑃𝑧𝑧

(2)
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⎡ 𝑥𝑥2 ⎤
(2)
⎢ 𝐸𝐸𝑦𝑦 ⎥
𝑑𝑑16
⎢ 𝐸𝐸 2 ⎥
(2)
𝑑𝑑12 � ∙ ⎢ 𝑧𝑧 ⎥
2𝐸𝐸 𝐸𝐸
(2)
⎢ 𝑦𝑦 𝑧𝑧 ⎥
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⎣2𝐸𝐸𝑦𝑦 𝐸𝐸𝑥𝑥 ⎦

(2.26)

To further explore the values of 𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖 , we need to consider the molecular

hyperpolarizability. The basic concept is that the macroscopic nonlinear susceptibility of a
bulk crystal under an applied electric field can be represented as an averaged sum of each
individual molecular susceptibility:
(2)

𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖 = ∑ cos θ(𝐼𝐼, 𝑖𝑖) cos 𝜃𝜃(𝐽𝐽, 𝑗𝑗) cos 𝜃𝜃(𝐾𝐾, 𝑘𝑘)β𝑖𝑖𝑖𝑖𝑖𝑖

(2.27)

𝜃𝜃(𝐽𝐽, 𝑗𝑗) represents the angle between the molecular coordinate system and the laboratory

coordinate system. The summation represents the sum of all chromophores per unit volume.
β𝑖𝑖𝑖𝑖𝑖𝑖 represents the hyperpolarizability of a single molecule or a single dipole. In order to

facilitate the analysis, the chromophore is assumed to be essentially unidimensional with
only one leading component β of the hyperpolarizability tensor along the orientation of the
long axis.
(2)

𝑑𝑑𝑖𝑖𝑖𝑖𝑖𝑖 = ∑ < cos θ(𝐼𝐼, 𝑖𝑖) cos 𝜃𝜃(𝐽𝐽, 𝑗𝑗) cos 𝜃𝜃(𝐾𝐾, 𝑘𝑘) > β

(2.28)

<> represents the average of molecular orientation. Equation (2.28) is the physical basis
for the SHG microscopy to detect the molecular orientation. As shown in Equation (2.28),
the components of the second-order nonlinear polarization tensor are determined by the
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averages of molecular orientations. It is known that the nonlinear polarization tensor
accounts for the polarization spectrum, therefore, different molecular orientation will result
in different the polarization spectrum of the SHG signal, as shown in Figure 2.4 (an
example of a columnar symmetric molecule).

Figure 2.4 Dependence of SHG polarization spectrum on orientation angle in cylindrically
symmetric molecule. (A) Schematic representation of orientation angle of diploes in HRS
molecule. (B) SHG polarization spectra generated by the cylindrical symmetric HRS
emitters in (A) with three diﬀerent angles: θ= 25° (blue), θ = 45° (red), θ = 75° (yellow).
The normalized intensity of SHG is represented as a function of the angle between the
incident light polarization and the axis of HRS molecule.
All optical crystals including biomolecule crystal, such as collagen and myosin, are
periodic structures with a certain symmetry. According to the combination of symmetrical
operations, crystal structures can be divided into 32 crystallographic point groups. The 32
crystal classes (crystallographic point groups) derive from the 7 crystal systems: tetragonal,
orthorhombic, monoclinic, triclinic, trigonal, hexagonal, and cubic systems.
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As we discuss above, the nonlinear susceptibility tensor is completely determined by
the crystal structure. If a molecular structure has a specific symmetry operation, its
nonlinear susceptibility tensor must also satisfy this symmetry operation. According to the
crystal symmetry requirement, a specific symmetry operation will further reduce the
degrees of freedom for nonzero independent components of the susceptibility tensor shown
in Equation (2.26). The following is an example of C2v symmetry (mm2 point group).

Figure 2.5 Symmetrical operations of the crystals with C2v symmetry.
C2v symmetry has three symmetrical operations：
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑚𝑚1
𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑚𝑚1
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 2

∶

∶
∶
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(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) → (−𝑥𝑥, 𝑦𝑦, 𝑧𝑧)
(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) → (𝑥𝑥, −𝑦𝑦, 𝑧𝑧)

(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) → (−𝑥𝑥, −𝑦𝑦, 𝑧𝑧)

As we known, the nonlinear susceptibility tensor should not change before and after
the symmetry operation. For the two mirror symmetrical operations, the tensor components,
the subscripts of which have an odd number of x or y or the sum of x and y, should be 0,
that is,
𝑑𝑑111 = 𝑑𝑑122 = 𝑑𝑑133 = 𝑑𝑑123 = 0

𝑑𝑑211 = 𝑑𝑑222 = 𝑑𝑑233 = 𝑑𝑑213 = 0
𝑑𝑑313 = 𝑑𝑑323 = 𝑑𝑑312 = 0

For 2-fold axis symmetrical operation:

𝑑𝑑112 = 0 , 𝑑𝑑221 = 0

Finally, the d matrix of the C2v symmetric crystal is derived as:

d𝐶𝐶2𝑣𝑣

0 0
0 0 𝑑𝑑15 0
0 𝑑𝑑24 0 0 �
=�0 0
𝑑𝑑31 𝑑𝑑32 𝑑𝑑33 0 0 0

If Kleinman’s symmetry is also satisfied, the d matrix can be further simplified as:

d𝐶𝐶2𝑣𝑣

0 0
0 0 𝑑𝑑15 0
0 𝑑𝑑24 0 0 �
=�0 0
𝑑𝑑15 𝑑𝑑24 𝑑𝑑33 0 0 0

A crystal belonging to space group C1 contains 27 nonzero components in its
nonlinear susceptibility tensor (d matrix), each of which can contribute to the measured
SHG intensity. For C2v crystals, the number of nonzero elements is reduced to 5. It can be
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expected that the more symmetrical operations a point group has, the higher the symmetry
of the crystal, and the less nonzero nonlinear susceptibility tensor components. Note that
because of the inversion symmetries in polarization and electric field, SHG cannot be
observed in centrosymmetric crystal materials. The followings are the d-matrix of the most
typical optical crystals.
C6 symmetric crystal, such as Collagen:

d𝐶𝐶6

0 0
0 0 𝑑𝑑15 0
0 𝑑𝑑31 0 0 �
=�0 0
𝑑𝑑15 𝑑𝑑31 𝑑𝑑33 0 0 0

It is reported that the symmetry of collagen from diseased breast tumor degrades from
C6 symmetry to C3v symmetry [58]. The d matrix of C3v symmetric crystal is derived as:

d𝐶𝐶3𝑣𝑣

0
0
0 0 𝑑𝑑15 −𝑑𝑑22
−𝑑𝑑
𝑑𝑑
0
𝑑𝑑31 0
0 �
= � 22 22
𝑑𝑑15 𝑑𝑑31 𝑑𝑑33 0 0
0

2.2.3 Protein structure and SHG

We used a lot of space to describe the effect of crystal symmetry on the nonlinear
susceptibility tensor. In the following, we discuss briefly the relationship between protein
structure and optical symmetry in large biomolecules.
In large biomolecules, the intrinsic SHG source arises from the dipole composed by
two atom groups in the molecule. Particularly, the -HN-CO- structure is the source of SHG
in myosin [59]. Thus, peptide chain, the primary structure of the protein, provides the
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dipoles generating the SHG signal. However, the capability of a protein to generate
detectable SHG signal also relies on its three-dimensional structure and folding which
govern the degree of alignment of the dipoles. In secondary structures like alpha-helix and
beta-sheet structures, the two most common protein secondary structures, the dipoles are
very well ordered. Therefore, their harmonophoric units generate coherent SHG signal
leading to a constructive interference (coherent amplification). The optical symmetry of a
protein molecule is determined by its secondary structure [60]. For example, Plotnikov SV
has showed that the value of nonlinear susceptibility tensor components χ(2) are related to
the pitch angle of the individual α-helices in the collagen molecule [57]. It is worth noting
that the biomolecules with the same secondary structure may have different optical
symmetry.
The tertiary structure and quaternary structure of the protein can also impact the SHG
efficiency, because the helices inside the protein may be aligned or oriented in random
directions. SHG signals can be experimentally observed only from proteins with ordered
structure, such as myosin mainly constituted by alpha-helix and collagen constituted by a
right-handed triple-helix.

35

Figure 2.6 (A) The primary structure is the succession of amino acid residues, which
contains dipoles that produce second-order nonlinear polarization. (B) The secondary
structure is the 3-D arrangement of the right-handed alpha-helix, or alternative structures,
such as a beta-sheet (not shown here). (C)-(D) The tertiary and quaternary structures affect
the efficiency of SHG.
2.2.4 The resolution of SHG microscope
The resolution of our SHG microscope can be determined by the following two formulas:
The transverse resolution given by:
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𝑅𝑅𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =

0.7∙𝜆𝜆𝑒𝑒𝑒𝑒
𝑁𝑁𝑁𝑁

(2.29)

The axial resolution is:
𝑅𝑅𝑧𝑧 =

2.3∙𝜆𝜆𝑒𝑒𝑒𝑒 ∙𝑛𝑛
𝑁𝑁𝑁𝑁2

(2.30)

where n is the refractive index of the immersion fluid, and 𝜆𝜆𝑒𝑒𝑒𝑒 is the emission wavelength.

As for our lab designed SHG microscope, the NA of objective = 0.9 and 𝜆𝜆𝑒𝑒𝑒𝑒 = 415 nm

(excitation light at 830 nm) give a theoretically lateral resolution of ~322 nm and axial
resolution of ~1100 nm. It is reported that the SHG microscope has a resolution of up to
200 nm. According to our experimental measurement of luminescent particles, our lateral
resolution is approximately 0.47 µm and longitudinal resolution is 1.41 µm [61]. Two
methods can be helpful to further improve the resolution of our SHG microscope: 1)
Increase the NA of the objective lens. The NA of our current objective lens is 0.9, which
can be further increased to 1.3 or higher. 2) Reduce the wavelength of the excitation light.
Our excitation wavelength is set to 830 nm, which is a compromise in order to use SHG
channel and two-photon channel simultaneously. We can further reduce the wavelength of
the excitation light to 780 nm.
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Figure 2.7 The linear polarized SHG images collected from hypertrophic myocardium.
The picture mosaic is made up of many small pictures.
The penetration depth depends mainly on the absorption and scattering of the
excitation light and the SHG signal in imaging tissues. Normally, it is about 5-10 scattering
lengths. The excitation light of the SHG microscope in our lab is in the near infrared regime.
It is well known that biological tissues have less absorption in this band [62]. Therefore,
SHG microscopes have a higher penetration depth than conventional optical microscopes.
It has been reported that the penetration depth of SHG can reach 500 µm when the
excitation wavelength is 850 nm [19].
However, the penetration depth of polarization-reserved SHG microscope is limited
more, because birefringence and scattering cause the excitation light and SHG signal to
lose their polarization states quickly. Many studies have shown that one or two scattering
lengths (~20-50µm) is enough to damage the polarization state of both the excitation light
and SHG signal in birefringent tissues [63, 64].
Increasing the operating wavelength into the infrared would further increase the
penetration depth, and meanwhile reduce the phototoxic effects. Takeshi Yasui et al.
develop an SHG microscope equipped with a Cr:forsterite mode-locked laser (∼1300 nm).
Penetration depth up to 350 microns is obtained. [65] Furthermore, since SHG signals arise
from an induced polarization rather than from photon absorption and transition, the out-offocus photobleaching and phototoxicity are substantially reduced compared with
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fluorescence methods. In addition, the excitation of SHG signal occurs only in a small focal
region, so SHG microscopy is particularly suitable for three-dimensional imaging.
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2.3 The latest progress of the SHG microscopy
In the past decades, SHG microscopy has been receiving widespread attention owing to its
advantages including: 1) reduced phototoxicity (SHG signals arise from an induced
polarization rather than from absorption-transition, which leads to substantially reduced
photobleaching and phototoxicity relative to fluorescence methods); 2) inherent/
endogenous contrast (imaging methods with exogenous dyes and colored proteins cannot
only infer structural information of protein); 3) preservation of phase and polarization
information of SHG signal; 4) specificity to molecular structure organization and
arrangement (SHG microscopy has gained popularity in imaging non-centrosymmetric
biological structures, e.g., myosin, collagen and microtubes), and 5) high resolution and
high penetration depth (since the wavelengths of excitation light are typically in the NIR
range (700-900 nm), SHG microscopy can achieve high resolution (submicron level) and
high penetration depth (several hundred microns)).
SHG effect was first found in quartz crystal in 1962 by Kleinman [66]. Thereafter,
Bloembergen and his coworkers found SHG always origins from the surface of the
medium. As I mentioned before, SHG is inhibited in a medium with centrosymmetric
symmetry. At the surface or interface of medium, the centrosymmetric symmetry is
necessarily broken. Therefore, SHG signal is generated and highly localized at the
interfaces between two centrosymmetric medium. Shortly, SHG become a powerful
spectroscopic tool for characterizing the physical and chemical dynamics at interfaces [67,
68].
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It is reported that the first biological SHG imaging was got by Freund et al. in 1986
[69]. They used SHG microscopy to study the endogenous collagen structure in a rat tail
tendon, despite the low resolution (approximately 50 μm) and imaging speed (frame rate
is of several hours /frame). In 2002, Mohler reported a practical SHG microscope of tissue
imaging with high resolution and high frame rate using galvanometer scanning, and since
then SHG microscopy has been an increasingly used imaging tool [70]. Subsequently,
collagen, myosin, tubulin, and their associated proteins are found to be ideal materials for
SHG microscopy.
Over the last two decades, SHG become an ideal method to study the membrane
physiology of living cells [71-73]. Especially, the SHG signal is sensitive to the potential
of the cell membrane and it has been reported that SHG can distinguish sub-milliseconds
potential changes in the cell membrane. The mechanism of SHG detecting membrane
potential change is based on: 1) An electro-optic-induced alteration of the molecular
hyperpolarizability; And 2) electric-field induced alteration of the degree of molecular
alignment [74].
Fibrillar collagen, being highly noncentrosymmetric, possesses a large nonlinear
susceptibility (only 10-fold less than the one in quartz crystal) [75]. Type I and II collagen,
which are most abundant protein in human, can generate strong SHG signal. In contrast,
type IV collagen, which is a primary component of basement membrane separating the
epithelium from the underlying stroma, is not fibrillar and cannot produce enough SHG
signals for imaging [76]. Type I and II collagen is rich of the -ProHypGly- repeat and the
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second-order nonlinear susceptibility arises mainly from peptide groups in the fibrillar
backbone.
In biological tissues, SHG is quasi-coherent process, which means there is a specific
emission pattern comprising forward and backward propagating components. Rebecca M
and coworkers did a lot of work in comparison of SHG forward and backward signals in
biological tissues. They found that collagen fibril possesses a scatter distribution more like
a hollow tube, instead of a solid rod. The ratio of forward over backward signal from
collagen fibrils is of varying ages (mainly because the diameter of collagen fibril increases
with age). In addition, the ratio of forward over backward signal of collagen also changes
with the concentration of NaCl and PH value in the solution where collagen is located [77].
A digital image can be regarded as a time domain signal, and its frequency domain
information can be obtained by applying Fourier Transform. For discrete signals such as
digital images, the frequency information indicates how fast the time domain signal
changes. The higher the frequency, the faster the time domain signal changes. The highfrequency signals often origin from the image edges and the noises, while the lowfrequency signals derive from the slowly changing region or the image background. It
should be noted that there is no one-to-one correspondence between the pixels in the
spectrogram and the pixels in the original image. Mayandi Sivaguru and coworkers use
Fourier transform-SHG imaging to study the differences in collagen fiber organization
between normal and injured tendon. They found that a broad distribution of spatial
frequencies indicates a relatively wide range of collagen fiber orientation [78, 79].
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Takeshi Yasui and coworkers investigated the relation between wrinkle direction and
collagen orientation in ultraviolet exposed skin using PR-SHG microscopy. They indicated
that wrinkle direction in UVB-exposed skin is always parallel to the orientation of dermal
collagen fibers [80]. Khoi TN and coworkers use PR-SHG microscopy to estimate the pitch
angle of the alpha-helix secondary structure of collagen [60]. Raghu Ambekar find that
trigonal symmetry (3m) is a more appropriate model to describe collagen fibers in
malignant tissues as opposed to the conventionally used hexagonal symmetry (C6). Nicola
H and coworkers studied the dependence of SHG efficiency on excitation wavelength in
collagen and demonstrated that even very small changes in the assumed material fibrillar
structure can produce large changes in the wavelength-dependency of SHG [81], this
finding can be used to clinical detection.
The applications of SHG imaging are not just limited to basic science research, its
unparallel advantages make it a powerful diagnostic tool for clinical applications. As early
as 2002, Edward Brown used SHG microscopy to image collagen in tumors to study the
therapeutic effects of drugs on tumors. Schanne-Klein performed the first demonstration
of SHG microscopy for scoring fibrosis using a mouse model of kidney disease. For
quantification of the collagen changes, they used a thresholding process for image
segmentation to identify individual fibers [82]. Joseph MS and his coworkers used SHG
imaging to study the role of collagen in breast cancer progression. They were focused on
image processing algorithms to study collagen changes in length, curvature and orientation
during the progression of breast cancer [83]. Valentina Caorsi and coworkers measured
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cardiac fibrosis procedures by using backward SHG imaging and found a 5-fold increase
in collagen I fibrosis in surviving myocardium 20 weeks after infarction [84].
Compared with collagen, SHG imaging is less used in myosin, and most of them are
in basic research. For example, the possibility of imaging sarcomeres by SHG allows
measuring sarcomere length with nanometric resolution. Boulesteix T and coworkers
achieved 20 nm accuracy in measuring the length of the sarcomere using SHG microscopy
[85]. Sergey V. Plotnikov and coworkers studied the relationship between the orientation
of the elemental harmonophore in myosin and the pitch angle of α-helix along the thick
filament axis [57]. Nucciotti C and coworker found that PR-SHG microscopy can detect
the contractile state of myosin in living cells, and they also demonstrated that the PR-SHG
microscopy signal changes with myocardial contraction due to the arrangement of myosin
heads [26]. Honghai Liu and coworkers reported the dynamic assembly process of myosin
filaments onto myofibrils in a living cardiomyocyte during myofibrillogenesis using SHG
microscopy [86].
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CHAPTER III

PRACTICAL
CONSIDERRATIONS

3.1 Direction controllable cell culture and stretch model
The role of mechanical tension in cardiac hypertrophy remains elusive. One of the reasons
is the limited choices of high-throughput repeatable mechanical stretch models. The
reported studies on cardiac hypertrophy are unexceptionally based on animal models with
induced cardiac hypertrophy.
The animal model-based methods for inducing cardiac hypertrophy are fully
developed. For example, transverse-aortic contraction surgery mimics pressure overload
induced cardiac hypertrophy [87, 88]. Fistula of blood vessels, transventricular section and
pregnancy mimics volume overload induced cardiac hypertrophy [89-91]. Although animal
models are clinical-relevant, the disadvantages of animal models should not be ignored. In
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animal models, the applied mechanical tension cannot be consistently controlled. Besides,
animal models are time consuming and have low throughput. It typically takes several
weeks to induce cardiac hypertrophy. Moreover, the animal models are inaccessible for
microscopes, which makes it difficult to assess cardiac hypertrophy in real time and less
likely to dynamically observe the development of cardiac hypertrophy [92].
To overcome the shortcomings of animal models, the primary culture of
cardiomyocytes on elastic substrates for studying hypertrophic responses of cells to
mechanical tension has gradually attracted researchers’ attention. Mechanical tension in
cell culture models is directly applied to cardiomyocytes by stretching the cell culture
substrates. Hypertrophic responses of cardiomyocytes from cell culture models have been
confirmed in many aspects (e.g., cell morphology, protein expression, RNA levels) [9398], which demonstrates the accessibility of cell culture model as an alternative to animal
model for studying mechanical tension induced cardiac hypertrophy.
Cardiac function is directly related to cellular orientation and elongation [99].
Technical advances in alignment of cardiomyocytes on different substrates permit studying
the effects of direction-controllable stretch. Cardiomyocyte culture model has evolved into
an important tool for cardiac hypertrophy-related research for the following reasons: 1) it
allows high-throughput and direction controllable mechanical stretch cell cultures; 2) it is
easily accessible for various cell treatment and assessment methods, and 3) cardiomyocyte
culture model makes it easy to observe the response of cardiomyocytes to mechanical
tension during cardiac hypertrophy.
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3.2 Preparation of stretchable cell culture substrate
Cardiac function is directly related to cellular orientation and arrangement [99]. Alignment
of cardiomyocyte in culture is not only an evaluation of in vivo similarity, but also a
prerequisite for direction controllable cell stretch model. There are many techniques for
engineering cell alignment in vitro, including topographical patterning, mechanical tension
and electrical stimulation [100-103]. Topographical patterning is the most efficient method
for engineering cell alignment. Different types of cells have different preferential
topographical patterns. For example, cardiomyocytes show astonishing alignment on
parallel patterns (such as grooves and wrinkles), but neurons prefer to align on upright
pillars.
Polydimethylsiloxane (PDMS) is the most prevalent material for cardiomyocyte
culture owing to its excellent biocompatibility and flexibility [104]. In addition, PDMS
substrates are ideal for imaging and cardiomyocyte alignment can be easily achieved on
PDMS substrates. In this project, grooved PDMS substrates are used for directioncontrollable stretch model and subsequent cell culture models. The preparation method of
the grooved PDMS substrate is described below.
The grooved PDMS substrate is fabricated in three steps: mask design, template
fabrication, and PDMS membrane fabrication. A mask with two-dimensional layout of
geometries is designed using commercial software AutoCAD and laser printed on plastic
films by a commercial company (CAD/Art Services, Inc). The dimensions of grooved
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PDMS substrate are important in guiding cell alignment [105], especially the depth of
grooves. In this project the substrate is designed to be 10 μm wide with 10 μm spaced
microgrooves and 1.5 μm deep microgrooves to reduce preferential adhesion of
cardiomyocytes to the sidewalls. The small square design shown in Figure 3.1 facilitates
cell alignment on the one hand and makes it easy to locate the cells on the other hand.

Figure 3.1 The mask used to fabricate grooved PDMS substrates.
Commercial photoresist SU-8 (MicroChem, Corp) is poured onto a 2-inch silicon
wafer and is rotated at 2000 rpm for 30s to produce an even photoresist film of 1.5 µm
thick (please refer to Figure 3.2 for specific parameter settings). Then, the silicon wafer is
baked at 95 °C for 2 min to evaporate residual solvent and to solidify the photoresist film.
Subsequently, the silicon wafer is transferred to the stage of lithography machine (KarlSuss MJB3) and is exposed to ultraviolet radiation (75mJ/cm2) through the designed mask.
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After exposure, the silicon wafer is baked at 95 °C for 2 min to complete the process of
ultraviolet -initiated crosslinking. Unexposed part of photoresist film is rinsed off with
developer for 60 seconds. The silicon wafer is further baked at 150 °C for 30 min to
enhance bonding between silicon wafer and solidified groove-shaped photoresist. In this
way, the preparation of the substrate template with a specific pattern and thickness is
completed, and the next step is to fabricate a grooved PDMS substrate.

Figure 3.2 Plots of SU-8 photoresist thickness as a function of spin speed. Copied from
manufacturer’s (MicroChem) processing guidelines.
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Table 1 Processing parameters for different film thicknesses of SU-8 photoresist.
Summarized from experience.
In this project, all substrates for cell culture are made with PDMS (Sylgard 184
silicone elastomer kit, Dow Corning). PDMS base and crosslinker are fully mixed at 10:1
ratio (volume/volume) and degassed by centrifugation at 2000 rpm for 5min. The thickness
of PDMS membranes is set to 75µm by adjusting the spinning speed of a spinner. PDMS
thickness as a function of spin speed (Figure 3.3) is well-described by Zhang WY et al
[106]. As indicated, spinning speed is set to 1000 rpm and spin time is set to 60s. Figure
3.4 shows the top and side views of a prepared PDMS substrate (1.5 µm high, 10 µm wide
grooves are evenly spaced). To keep experimental consistency and to reduce variables,
baking procedures are the same for all substrates (90 °C overnight, Laurell WS-400B).

51

Figure 3.3 Plot of PDMS thickness as a function of spin speed. Reproduced from [106]
with permission from IEEE, copyright 2004.
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Figure 3.4 The top and side views of a grooved PDMS substrate prepared by the method.
Scale bars = 20µm.
The orientation and alignment of 3-days’ cardiomyocytes cultured on non-grooved,
winkled and grooved PDMS substrates by immunocytochemistry method are shown in
Figure 3.5. The cardiomyocytes cultured on grooved PDMS substrates consistently grow
along the direction of parallel to the groove, which possess the greatest similarity to the
real case in vivo. On non-grooved PDMS substrate, cardiomyocytes spread randomly and
develop into polygonal shapes. Therefore, the presence of groove significantly improves
the cell alignment and makes the direction-controllable stretch possible.
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Figure 3.5 Immunocytochemistry for 3 days’ cardiomyocytes cultured on (A) non-grooved
PDMS substrate, (B) winkled, (C) grooved PDMS substrate. (green: N-cadherin, red: αactinin in (A) and (B), alpha-myosin in (C), blue: nucleus). Scale bars = 20 µm.
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3.3 Uniaxial cell stretching device
Mechanical tension can be directly exerted on cells by stretching the supporting substrates,
or directly applied to individual cells with carbon fibers [107, 108], light tweezers,
micropipette and probe arms of atomic force microscope (AFM) [109]. However, the
mechanical tension in the real heart is complex, and cardiomyocytes are subjected to
mechanical tension in all directions. For example, it has been found that the diastolic strain
accounts for both longitudinal and transverse sarcomeric addition [110-111].
Biaxial cyclic stretch is clinical-relevant, because the tension exerted on
cardiomyocytes is multi-directional. However, biaxial cyclic stretch complicates analysis.
Considering that the mechanical tension in vivo can be decomposed into a longitudinal
component (parallel with the long axis of the cells) and a lateral component (perpendicular
to the long axis of the cells), we use a uniaxial cell stretching device, as shown in Figure
3.6.
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Figure 3.6 (A) PDMS culture chamber. (B) Uniaxial cell stretching device with PDMS
culture chamber. (C) On-stage incubator with uniaxial cell stretching device mounted.
Scale bar = 10 mm.
The frame of the culture chamber is fabricated with PDMS. The chamber frame and
the grooved PDMS substrate are glued together (Figure 3.6 (A)). The metal rods at both
ends are used to fix the chamber frame to the uniaxial cell stretching device. A uniaxial
cell stretch device is fabricated to fit a commercial on-stage incubator installed on our PRSHG microscope. The frame of the stretch device (Figure 3.6 (B)) is made of
biocompatible polyether ether ketone (PEEK) material. It comprises a supporting part, a
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fix mount and a moveable mount for the PDMS culture chamber. The moveable mount is
equipped with a fine pitch threaded shaft, which can slide on parallel metal rods. When the
pitch threaded shaft is rotated, the sliding of the moveable mount deforms the PDMS
culture chamber accordingly. According to our calibration, the PDMS substrate is stretched
by ~1.2% for every turn of the pitch threaded shaft. To be as close as possible to the real
environment and to reduce damage to the cells during stretching and imaging, an on-stage
incubator is equipped. It can keep the temperature and pH value constant, as shown in
Figure 3.6 (C).

Figure 3.7 (A) The distance between the two reference points varies linearly with the turns
of the stretcher. (B) Sarcomeric length change under stretch. The stretcher can linearly
deliver mechanical stretch to cells (Sample size n = 50 measurements /group: 5 plates of
cells are prepared for each stretch group. 10 measurements are made for each plate.).
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3.4 Negative effects of cell beating on imaging
The structure of the myosin filament is different when the cells are in different contraction
states. As previously mentioned, the PR-SHG microscopy signal is sensitive to the
structure of the myosin molecule. Therefore, we should keep the cells in the same
contraction state to avoid the difference in results due to the difference in cell contraction
states.
For heart samples from animal models:
The harvested hearts are immediately perfused with cardioplegla high k+ solution to
ensure all cardiomyocytes in a relaxed state and then fixed by 4% paraformaldehyde
perfusion at zero transmural pressure.
For cell imaging:
The first method is ion channel inhibition of cardiomyocytes by adding high
concentrations of potassium ions and calcium ions to the culture media. On the one hand,
high concentrations of potassium ions can inhibit cell repolarization, leaving cells in a
diastolic state. On the other hand, the presence of calcium ions helps cross-bridge formation.
In addition, inhibition of the ion channel of cardiomyocytes is a reversible process, and the
cardiomyocytes resume contraction after removal of potassium ions. This method does not
cause damages to the cardiomyocytes. Conversely, the presence of potassium ions protects
cardiomyocytes. In fact, cardioplegla high k+ solution is a cardioprotective agent for heart
transplant [112].
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The second method is synchronizing the cell contraction by external electrical
stimulation. The beating of cardiomyocytes is overridden by external triggering, generated
by a custom Matlab program using the NI card for image acquisition. Images are collected
only during the period when cardiomyocytes are at rest. The trigger sequence is shown in
Figure 3.8. Considering the imaging efficiency, the first method is mainly used in the
subsequent experiments, but external electrical stimulation is still a method worth studying.

Figure 3.8 Timing diagram of synchronizing the cell contraction by external electrical
stimulation. (A) External stimulation pulse (bipolar pulse is for reducing culture media
electrolysis). (B) Timing diagram for data acquisition.
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3.5 Phototoxic effect and power limitation
For living cell imaging, damages caused by the phototoxic effect need to be considered,
especially for long-time dynamic imaging. Although in theory the energy of a SHG photon
is exactly equal to the sum of two single-frequency photons, the photo-thermal effect and
the Rayleigh scatter-induced absorption are unavoidable. More importantly, the highly
reactive singlet oxygen generated from high intensity excitation light is harmful to cells.
Therefore, our principle is to keep the laser power as low as possible while make sure that
SHG signal is large enough to produce good image contrast.

Figure 3.9 16X passive pulse splitter (the divided pulses are merged by a polarization beam
combiner).
The excitation pulse of our PR-SHG microscope is divided into a number of small
pulses in time sequence, which helps to reduce the strength of single excitation pulse and
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thereby further reduce phototoxic effect. In this design, cells have been shown to withstand
laser power as high as 20 mW without visible damage.
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CHAPTER IV

NONLINEAR SUSCEPTIBILITY TENSOR
CHANGES IN VOLUME- AND PRESSUREOVERLOADED MYOCARDIAL TISSUES

4.1 Introduction
The crystallographic structure of cardiac myosin filaments is the main determinant of the
strong binding of the myosin heads to actin filaments and the accurate conformational
changes in myosin heads mediating cardiac muscle-cell contraction. For example, the
structural changes in myosin filaments under pathological hypertrophy have been thought
to contribute to a binding mismatch between myosin and actin filaments. SHG microscopy
is used to visualize myosin filaments without labeling [18, 19]. The basic principle of this
visualization is that the SHG signal is directly determined by the nonlinear susceptibility
tensor, which is an optical property of the biomolecule associated with its crystal structure
[20, 21. When the polarization technique is used, the polarization-resolved SHG
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microscopy is unique: It can retrieve the values of nonlinear susceptibility tensor
components of a biomolecule and thus can be used to explore the crystallographic structure
of the biomolecule [113].
The relationship between the nonlinear susceptibility of myosin filaments (typical
noncentrosymmetric biomolecules) and their crystallographic structures has been
extensively studied. The nonlinear susceptibility tensor values of myosin filaments in
different species are reportedly different [8], and the same myosin filament in different
physiological states (relaxed or contracted) has different values of nonlinear susceptibility
tensor components [26, 114]. The values of nonlinear susceptibility tensor components of
myosin filaments in different species are reportedly different [8], as are those values for
the same myosin filaments in different physiological states (relaxed or contracted) [115].
PR-SHG microscopy provides evidences that the susceptibility component ratio value of
headless myosin arranged in the myofilament is 0.45 < b < 0.49. In contrast, the head
containing regions of myofilaments give higher values of the susceptibility component
ratio. The broad distribution of the ratio value shows that conformational states of attached
and detached myosin heads influence the nonlinear susceptibility component ratio. [116]
Here, we report results of our study of the responses of cardiac myosin filaments to
pregnancy-induced volume overload and transverse-aortic constriction-induced pressure
overload using polarization-resolved SHG microscopy. Compared with the values obtained
in normal myocardia, the values of nonlinear susceptibility tensor components of myosin
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filaments in both volume- and pressure-overloaded myocardia increased significantly,
suggesting changes in their crystallographic structure.
Because stretch reportedly can lead to structural changes in myosin filaments [7, 10],
we hypothesize that the value changes in the nonlinear susceptibility tensor components of
myosin filaments in the two overload models would be triggered by mechanical tension.
Mechanical tension in vivo can be decomposed into a longitudinal component (parallel
with the long axis of the cells) and a lateral component (perpendicular to the long axis of
the cells). Thus, we test the above hypothesis using a cell stretch model. Our data
demonstrate that the changes in the nonlinear susceptibility tensor values in myosin
filaments observed in our cell-stretch models are compatible with those we detect in the
volume- and pressure-overloaded myocardia.
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4.2 Materials and Methods
4.2.1 SHG and extraction of the components of the nonlinear
susceptibility tensor

Figure 4.1 (A) Experimental setup of the polarization-resolved SHG microscope. (B)
Illustration of geometric arrangement of a single myofibril relative to the polarization of
the applied excitation light field. α: the angle between the incident polarization of the
excitation light and the z-axis (orientation of the myofibril). (C) The SHG signal intensity
versus the polarization angle of the excitation light.
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Conventionally, a myosin is known to possess a cylindrical symmetry (class C6) [117],
which reduces the number of independent nonzero tensorial components of χ2ijk ; d15, d31,

and d33 are the only nonzero elements. If the Kleinman condition (the nonresonant

character of the SHG scattering process) applies, only two tensor components among d15,
d31, and d33 are independent: d15=d31 and d33 [118]. Figure 4.1 (B) depicts the geometry
that we consider for a single myosin myofibril relative to an applied excitation optical field.
The SHG intensity (I2ω) and the polarization angle of the excitation light (α in Figure 4.1
(B)) satisfy the following C6-symmetry model [8, 26]:
Fortunately, the Kleinman symmetry and intrinsic permutation condition are both
2
valid for myosin molecular, the second-order nonlinear susceptibility tensor 𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖
can be

represented as a 3x6 matrix d, and can now be written as:
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(4.1)

The emitted SHG intensity is proportional to the sum of induced polarization along the
principal axis,
2

𝐼𝐼 2𝜔𝜔 ~ [(𝑃𝑃𝑥𝑥2𝜔𝜔 )2 + �𝑃𝑃𝑦𝑦2𝜔𝜔 � + (𝑃𝑃𝑧𝑧2𝜔𝜔 )2 ]

(4.2)

Conventionally, myosin fiber is known to possess cylindrical symmetry (class C6),
and its corresponding d matrix is given by:
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where d15, d31, and d33 are the only non-zero elements. Therefore, the components of the
polarization density are given as:
𝑃𝑃𝑥𝑥 (2𝜔𝜔) = 4𝑑𝑑15 𝐸𝐸𝑥𝑥 (𝜔𝜔)𝐸𝐸𝑧𝑧 (𝜔𝜔)

𝑃𝑃𝑦𝑦 (2𝜔𝜔) = 4𝑑𝑑15 𝐸𝐸𝑧𝑧 (𝜔𝜔)𝐸𝐸𝑦𝑦 (𝜔𝜔)

𝑃𝑃𝑧𝑧 (2𝜔𝜔) = 2𝑑𝑑31 (𝐸𝐸𝑥𝑥 2 (𝜔𝜔) + 𝐸𝐸𝑦𝑦 2 (𝜔𝜔) + 𝐸𝐸𝑧𝑧 2 (𝜔𝜔))

(4.3)

Figure 4.1 (B) depicts the geometry that we consider for a single myosin fiber relative
to an applied optical field. The myosin fiber is oriented along the z-axis while electric field
E is incident normal to the y-z plane (along the x-axis), and α is the angle between the
incident polarization and the z-axis. Thus, the three electric field components can be
expressed as: Ey (ω) = E sin α, Ez (ω) = E cos α and Ex (ω) is ~0. Apply the electric
field components to the Equation (4.3) and (4.2); we obtain the final relationship between
the emitted SHG intensity and the polarization angle of the incident light based on C6
symmetric model:
𝑑𝑑

𝑑𝑑

𝐼𝐼 2𝜔𝜔 ~ [(𝑠𝑠𝑠𝑠𝑠𝑠2𝛼𝛼)2 + (𝑑𝑑31 𝑠𝑠𝑠𝑠𝑠𝑠2 𝛼𝛼 + 𝑑𝑑33 𝑐𝑐𝑐𝑐𝑐𝑐 2 𝛼𝛼)2 ] (4.4)
15

15
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Figure 4.1 (C) is the polarization spectrum: The SHG signal intensity versus the
polarization angle of the excitation light, which is plotted according to Equation (4.4) (the
specific tensor component settings are d31 /𝑑𝑑15 = 0.97, d33 /𝑑𝑑15 = 0.69 (Ref. [8])).

4.2.2 Polarization-resolved SHG imaging system

The construction of polarization-resolved SHG microscopy with an on-stage incubator is
described in Figure 4.2 (D). The excitation laser beam is generated from a Ti:Sapphire
laser (100 fs and 80 MHz, Tsunami 3960-X1BB pumped by a 9.5 W Millennia, SpectraPhysics) and is tuned to 830 nm. The beam is then steered onto the XY scanner (6210H,
Cambridge Tech.). Before the beam is focused onto the sample using a 1.0 NA water
immersion objective (60X LUMPlanFLN, Olympus), it passes a polarization state
generator for rotating the polarization angle of the excitation light. The polarization state
generator is composed of a polarizer (LPNIRE100-B, ThorLabs) and a half-wave plate
(WPH05M-830, ThorLabs) mounted on a motorized rotator (PRM1Z8, ThorLabs). By
rotating the half-wave plate and keeping the polarizer in a fixed position, the rotation of
the polarization angle of the excitation light is achieved, while the excitation light energy
is maintained constant. After the objective, the polarization ellipticity of the excitation light
is larger than 50:1, and the power of the excitation laser beam is set to 21 mW. This power
is somewhat high for live cell culture; however, we choose this power value to ensure a
high signal to noise ratio at the polarization corresponding to the spectral valley where in
certain cases, the SHG is weak. The SHG signals are collected from the forward scattering
direction through an Olympus 1.4 NA oil immersion condenser and recorded by a
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photomultiplier tube (H7422p-40, Hamamatsu). Before the photomultiplier tube, an IR
filter is used in addition to a 415 ± 10 nm bandpass filter (FF01-415/10-25, Semrock). The
microscope’s XY stage and the objective mount are facilitated with motorized control
mechanisms (MP-285, Sutter). In this study, the scan rate of our microscope is set to one
frame per second, where each frame contained 512×512 pixels and the pixel size is 0.16
μm. The lateral and axial resolution are experimentally estimated to be 0.47 and 1.26 µm,
respectively [61].
All live cell imaging is performed in an on-stage incubator, which is composed of an
electronically heated aluminum frame with feedback control and two covers (H301-TC1HMTC, 2GF-MIXER, Okolab SRL, Ottaviano). A mixture of 95% air and 5% CO2 is
pumped through the heater unit, which contained deionized water, and the humidified air
mixture (~37oC, 95% humidity) is supplied to the chamber of the on-stage incubator. By
design, the 5% CO2 and 95% humidity mixture are maintained by adjusting the balance
between the leakage and the supply through a feedback system. The 37oC temperature
inside the culture dish is maintained by adjusting the balance between heat loss and gain
through a feedback system including a temperature sensor placed inside the culture dish.
4.2.3 Sample preparation
In the research reported here, all myocardial samples are from three-month-old CD-1 mice.
For the volume overload study, a natural volume overload model is used: three selected
three-month-old pregnant mice, which are euthanized by the third day after delivery [23].
For the pressure overload study, three two-month-old female mice first undergo the
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transverse-aortic contraction surgery previously described by Bradshaw and coworkers
[22]. The mice are then fed normally for one-month, euthanized, and the hearts are
harvested. The normal myocardial samples are from three-month-old normal female mice.
All procedures are approved by the Clemson University Institutional Animal Care and Use
Committee.
The harvested hearts are immediately perfused with cardioplegla high k+ solution to
ensure all cardiomyocytes in the muscles are in a relaxed state and then fixed by 4%
paraformaldehyde perfusion at zero transmural pressure and embedded in optimal cutting
temperature (OCT) compound at -20 °C. To avoid variations due to possible regional
heterogeneity, all slices are taken from the left ventricle free wall, and sections (10-μm
thick) are cut using a cryostat (HM550, Thermo Scientific). The sliced samples are
transferred to histology slides. Then, the OCT compound is washed away with PBS, and
the samples are secured between two glass coverslips. Next, these sliced samples are
imaged under the polarization-resolved SHG microscope.
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4.2.4 Cell culture and stretch

Figure 4.2 (A) Grooved PDMS substrate for cardiomyocyte alignment and stretch
delivery. (B) PDMS culture chamber, in which the grooved PDMS served as the bottom
part. (C) Frame of cell stretching device with culture chamber mounted. (D) Cell stretching
device housed in the on-stage incubator.
Three-day-old Sprague-Dawley neonatal rats are euthanized according to a procedure
approved by the Clemson University Institutional Animal Care and Use Committee. The
cardiomyocytes are isolated and collected as previously described [119]. Briefly, the hearts
are minced into 1 mm3 pieces and first digested with trypsin solution (0.14 mg/mL without
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EDTA) overnight, then shaken at 75 rpm in a collagenase solution (1 mg/mL collagenase
II, GIBCO; 0.24 U/mL neutral protease, Worthington) for 1.5 h. The fibroblasts are
removed by pre-incubating the cells in a 150-cm2 flask with the culture medium (DMEM
solution containing 10% fetal bovine serum) for 2 h. The purified cardiomyocyte (~90%)
suspension is diluted to 1 million cells/mL and then seeded into grooved PDMS substrate
culture dishes (Figure 4.2 (A)).
PDMS culture chambers are sonicated in 70% ethanol for 1h and activated by UV
ozone for 15min before being mounted to the uniaxial cell stretching device. The culture
substrates are coated with 20 µg/ml fibronectin at 37°C overnight. When cardiomyocytes
are ready, a light stretch is applied to culture chambers to make sure the PDMS substrate
not contact with dish bottom. Plating 2 mL of cells is sufficient to ensure a confluent
monolayer of spontaneously contracting cells. Cardiomyocytes are allowed to adhere for
4h and rinsed with normal culture medium (DMEM + 10% FBS + 1% AA) to remove the
dead cell debris. Culture medium is changed every two days.
The stretcher design and the fabrication of the PDMS substrate in the research reported
here are the same as those we described previously. The amount and duration of the stretch
are based on papers studying mechanical stretch-induced cardiac hypertrophy [94, 120].
In the study described here, grooved PDMS substrate is used to realize end-to-end cell
alignment to mimic in vivo-like cell morphology, which is demonstrated to cause in vivolike hypertrophy under stretch [28]. Two types of grooved PDMS substrate are designed:
In one type of substrate, the grooves are aligned with the stretching direction; in the other
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type, they are perpendicular to the stretching direction. Multiple plates (e.g., PDMS
chambers shown in Figure 4.2 (B)) of cells are prepared for the longitudinal and lateral
stretch groups, respectively. After 48 hours of incubation, the plates of each group are
instantly stretched 0%, 5%, 10%, 15% and 20%, respectively, and the stretches are
sustained for 48 hours before SHG imaging to measure the values of the nonlinear
susceptibility tensor components. For each stretch trial (e.g., 10% longitudinal stretch), five
identical plates are studied with four arbitrarily selected points being polarization scanned
to create 20 measurement points for each trial. In addition, to study the temporal response
of the nonlinear susceptibility tensor components of myosin filaments, ten extra plates of
cardiomyocytes are prepared, five for instant 15% longitudinal stretch and five for instant
15% lateral stretch after three days of incubation, and data are collected at hourly intervals
after the stretch.

4.2.5 Image collection and analysis
In this study, before SHG image scan, 16 mmol/L of potassium ions and 1.2 mmol/L of
calcium ions are added to the culture medium to allow cardiomyocytes to be in the relaxed
state. Images are collected at every 10-degree interval of the polarization angle of the
excitation light, which starts at 0 degrees and continued until the polarization angle reached
170 degrees. Then, we reversely collect another 18 images at every 10-degree interval
starting at 170 degrees and continuing to the 0 degree polarization state. A stack formed by
the collected images and the region of interest, 3 to 4 sarcomeres around a straight myofibril,
is selected to calculate the average gray value in each image. The obtained data are fit to
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the model given by Equation (4.4). To retrieve the ratios of the tensor components, we use
a nonlinear least-squares method implemented in MATLAB with three parameters as
specified: d31 /𝑑𝑑15 and d33 /𝑑𝑑15 and a scale-factor. A curve-fitting program, based on the

work published by Boulesteix and coworkers, are developed to estimate the length of
myosin filaments [121], which is typically 1.6 μm. We use the full width at 1/e2 of the SHG

signal in a sarcomere as an estimation of the length of the myosin filaments. Although this
estimation may not be accurate, we use it consistently to compare the length of myosin
filaments in various conditions.

4.2.6 Statistical analysis
In this dissertation, data are presented as mean ± standard deviation. Statistical analysis is
performed with SAS 9.4 software. One-way analysis of variance (ANOVA) tests are used
to determine mean separation. Two-sample Student’s t-tests are then performed on the
average values. P values of <0.05 are considered to be significant.
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4.3 Results
4.3.1 Cell and sarcomere morphology

Figure 4.3 (A) The arrangement of myosin filament in straight myofibril. The anisotropic
band (A-band) is the region where myosin filaments and part of an actin filament are
located; the isotropic region (I-band) is occupied by actin. Actin runs from the Z-disk to
the center of the sarcomere. The Z-line is located at the ends of sarcomere, defining the
lateral boundaries of the sarcomere and anchors actin. (B)-(D) The linear polarized SHG
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images of cardiomyocytes under (B) normal, (C) volume overload and (D) pressure
overload conditions. (E) Bar plots of the heart weight to body weight ratios for normal,
volume overload and pressure overload models. (F) Bar plots of the sarcomeric length
obtained from normal and volume- and pressure-overloaded myocardial samples.
Panels (B)-(D) in Figure 4.3 are linear polarized SHG images that show uniformly
distributed SHG intensities at each sarcomere in myocardial tissues from the normal and
the volume- and pressure-overloaded models. A-bands are parallel to each other and evenly
separated by I-bands. There is no significant morphological difference among the linear
polarized SHG images obtained from normal cardiomyocytes and overloaded
cardiomyocytes. Figure 4.3 (E) presents the sample weights obtained immediately before
and after heart harvest; the weights demonstrate significant increase in heart weight to body
weight ratio under volume and pressure overload. Bar plots of the heart weight to body
weight ratios for normal, volume overload and pressure overload models are 3.73 ± 0.16
mg/g, 4.86 ± 0.21 mg/g and 5.72 ± 0.37 mg/g, respectively. (Sample size n = 3 mice/model.
Bars represent mean ± SD. One-way ANOVA followed by Student’s t-tests is used to
compare different groups, *P < 0.05 vs. Normal).
The statistical results of the sarcomeric length measurements are shown in Figure 4.3
(F), which, based on Student’s t-tests, demonstrates no significant difference (p = 0.05)
although the average sarcomeric lengths in volume- and pressure-overloaded myocardial
tissues showed slight increases. Bar plots of the sarcomeric length obtained from normal
and volume- and pressure-overloaded myocardial samples: 2.17 ± 0.17 μm, 2.22 ± 0.20 μm
and 2.19 ± 0.14 μm, respectively. (Sample size n = 60 measurements/model: 10 tissue
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slides are arbitrarily selected from each mouse heart; 2 measurements are made for each
slide. There is no statistical difference between the three mice in each group. Bars represent
mean ± SD).

4.3.2 Ratios of the second-order nonlinear susceptibility tensor
components

Figure 4.4 (A) The polarization profiles from normal, volume- and pressure-overloaded
myocardial tissues. (Sample size n = 60 measurements/model: 10 tissue slides are
arbitrarily selected from each mouse heart, and 2 measurements are made for each slide.)
(B) Bar plots of the nonlinear susceptibility tensor components (d31/d15, and d33/d15)
extracted from the measurement shown in (A).
For myosin filaments from normal tissue, d31/d15 value lies in the range of 1.05 ± 0.07 and
d33/d15, 0.69 ± 0.06; for volume-overloaded myocardial tissues, d31/d15 and d33/d15 are 1.04
± 0.09 and 0.91 ± 0.12; for pressure-overloaded myocardial tissues the corresponding
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values are 1.10 ± 0.10 and 0.93 ± 0.13. (There is no statistical difference between the three
mice in each group. Bars represent mean ± SD. One-way ANOVA followed by Student’s
t-tests is used to compare different groups, *P < 0.05 vs. Normal.)
Figure 4.4 (A) shows the polarization spectra from normal, volume- and pressureoverloaded myocardial tissues. The polarization spectra appear as a C6 symmetric line
profile in all three cases. However, comparing the polarization spectrum from normal
myocardial tissues with the spectra from volume- and pressure-overloaded myocardial
tissues, it is found that when the polarization angle is equal to 0 and 90 degrees, the
corresponding intensities are different. These differences are reflected in the extracted ratio
of the nonlinear susceptibility tensor components (Figure 4.4 (B)). The values of d31/d15 in
three cases are all around 1.00, showing no statistical difference under 0.05 confidence
level. The values of d33/d15 are significantly different (p = 0.05) between the normal and
overloaded myocardial tissues although the values of d33/d15 are not statistically different
between the two overloaded myocardial tissues. Among all fits in this study, on average,
the matching agreement between the data points and the fitting curve is R2 > 0.90.
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Figure 4.5 Bar plot of the extracted ratio values of tensor components (d31/d15 and d33/d15)
in myosin filaments from (A) longitudinally stretched cardiomyocytes. (B) Laterally
stretched cardiomyocytes.
Longitudinally stretched cardiomyocytes (d31/d15 = 0.99 ± 0.09, 1.02 ± 0.08, 0.99 ±
0.08, 1.02 ± 0.11 and 1.03 ± 0.10; d33/d15 =0.49 ± 0.05, 0.52 ± 0.04, 0.55 ± 0.04, 0.59 ±
0.05 and 0.63 ± 0.05). Laterally stretched cardiomyocytes, (d31/d15 = 0.99 ± 0.09, 1.02 ±
0.08, 1.03 ± 0.10, 1.02 ± 0.09 and 1.04 ± 0.11; d33/d15 = 0.49 ± 0.05, 0.52 ± 0.04, 0.56 ±
0.04, 0.61 ± 0.06 and 0.65 ± 0.06.). (Sample size n = 20 measurements /group: 6 plates of
cells are prepared for each longitudinal and lateral stretch group. 2-4 measurements are
made for each plate. There is no statistical difference between the 6 plates in each group.
Bars represent mean ± SD. One-way ANOVA followed by Student’s t-tests is used to
compare different groups, *P < 0.05 vs. Control.)
To explore the role of mechanical stretches that occur during volume overload and
pressure overload in the increase in the ratio of the nonlinear susceptibility tensor
components d33/d15, the effects of simulated mechanical tension on the ratio of d33/d15 are
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studied. Figure 4.5 shows the data acquired from our cell culture model. In the absence of
stretch, the value of d31/d15 (0.99 ± 0.09) obtained from the cell culture is statistically the
same as that obtained from normal myocardial tissues (Figure 4.4 (B)), while the value of
d33/d15 is 0.49 ± 0.05, which is significantly smaller than the value retrieved from normal
myocardial tissues. With an increase in the stretch extent, the values of d31/d15 in both
longitudinal and lateral stretch models remain unchanged statistically, while the values of
d33/d15 increase significantly. When the stretches are increased to 20%, the values of d33/d15
eventually reach 0.63 ± 0.05 for longitudinal stretch and 0.65 ± 0.06 for lateral stretch.
Notably, as the stretch increase, especially when the stretch reach 20%, cell mortality
increases significantly.

4.3.3 Dynamic response of cardiomyocytes to mechanical tension

Figure 4.6 Linear polarized SHG images of cells before and after stretch, (A)-(C)
longitudinal stretch and (E)-(G) lateral stretch. (D) The temporal response of the nonlinear
susceptibility tensor components of myosin filaments after the cells are stretched by 15%.
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(Sample size n = 20 /group: 5 plates of cells are prepared for each longitudinal and lateral
stretch group. 4 measurements are made for each plate. Bars represent mean ± SD).
The dynamic changes in the ratio of the nonlinear susceptibility tensor components over
time in response to mechanical tension are studied. Considering the high mortality rate at
20% stretch, the cardiomyocytes are stretched to 15% either longitudinally or laterally.
Figure 4.6 (A)-(C) and Figure 4.6 (E)-(G) respectively show the linearly polarized SHG
images of cardiomyocytes after longitudinal and lateral stretch. After being stretched
longitudinally and laterally, the cells have an instant increase in sarcomeric length and
cross-sectional width, respectively, and the sarcomeric length and cross-sectional width
gradually recover under sustained stretch. The value of d31/d15 remains virtually unchanged
at approximately 1.00; however, the value of d33/d15 obviously increases over time in both
longitudinal and lateral stretch. When cardiomyocytes are stretched longitudinally, the
value of d33/d15 gradually increases from 0.50 ± 0.04 to 0.62 ± 0.05 in contrast to the
immediate increase followed by a gradual recovery of sarcomeric length. When
cardiomyocytes are stretched laterally, the value of d33/d15 has an instant increment from
0.50 ± 0.04 to 0.70 ± 0.04, and the value decreases to 0.65 ± 0.04 during stretch sustained
for 720 minutes. When cardiomyocytes are stretched laterally, the decrease in the value of
d33/d15 with time is consistent with the gradual recovery of the cross-sectional width of
cells. By using the curve-fitting method, the length of myosin filaments from the SHG
images obtained from our cell stretch experiment are estimated. The results show that the
length gradually increases after longitudinal stretch: The length of myosin filaments is 1.69
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± 0.11 μm, 1.74 ± 0.14 μm, and 1.83 ± 0.14 μm before stretching, 0 minutes after stretching,
and 720 minutes after stretching, respectively.
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4.4 Discussion
The heart weight to body weight ratios (Figure 4.3 (E)) increase significantly in our
volume and pressure overload models. According to current knowledge on hypertrophy,
the increase in mass and volume during hypertrophy is due to the addition of new
sarcomeres, without any change in sarcomeric length [122, 123]. Our data agree with this
knowledge, showing no significant changes in sarcomeric length in hypertrophic hearts.
Our data mainly reveal the structural differences in the polarization spectra by permitting
a comparison between the ratios of the tensor components. The values of d31/d15 (Figure
4.4 (B)) remain approximately 1.00 in normal and volume and pressure overload animal
models, demonstrating that the Kleinman condition is valid in both the normal and the
overload models. Our retrieved values (d31/d15 and d33/d15) in normal myocardial tissues
are close to the data reported by Odin and Tiaho. However, the values of d33/d15 are
significantly increased in both volume- and pressure-overloaded myocardial tissues. The
latest findings in the literature show that there is no necessary connection between
sarcomeric length and the ratio value of the nonlinear susceptibility tensor components.
Our findings demonstrate that in volume and pressure overloaded myocardia, the ratio of
the nonlinear susceptibility tensor components may change in myosin filaments without
changes in sarcomeric lengths.
The relationship between the ratio and the crystallographic structure of the myosin
filaments has been reported in the literature: According to the theory of hyperpolarizability
introduced previously, bulk susceptibility is derived from the coherent summation of
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molecular hyperpolarizability [124]. Myosin filaments can be considered as cylindrically
symmetric molecules. The bulk susceptibility tensor components are related to the
characteristic orientation angle θ (Figure 4.7 (B)).
𝑑𝑑33 = 𝑁𝑁𝑆𝑆 𝛽𝛽 < 𝑐𝑐𝑐𝑐𝑐𝑐 3 𝜃𝜃 >
1

𝑑𝑑15 = 𝑑𝑑31 = 2 𝑁𝑁𝑆𝑆 𝛽𝛽 < 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠2 𝜃𝜃 >

(4.5)

Ns is the number density of active harmonophores, 𝛽𝛽 is the molecule’s hyperpolarizability,

and the brackets <> indicate an orientation average. If the distribution of the effective
molecular orientation is very narrow, the <> can be removed to obtain [124, 125]:
D=

<cos3 θ>
<cosθ>

d

= 2+d33

/d15

33 /d15

= cos 2 θe

(4.6)

where θe is an experimentally retrievable molecular orientation modeled as the helical pitch
angle of the SHG source molecule (Figure 4.7 (B)). Equation (4.6) enables us, at the
crystallographic level, to evaluate the helical pitch angle through d33/d15 extracted from the
polarization spectra. The value of the fitting parameter d33/d15 in the normal myocardial
tissues is measured to be 0.68 in this research, and the corresponding helical pitch angle is
61o, which is a close approximation of the angle of each helix relative to the main axis as
obtained by X-ray diffraction.[124, 125]Based on the single myosin spiral parameters
(helix pitch P=0.55 nm and diameter R=0.44 nm) and using tan θ = π ∗ R/P, the pitch

angle obtained by X-ray diffraction is calculated to be about 68o. Therefore, our animal
experiment results demonstrate that the volume or pressure overload-related structural
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changes in the myosin filaments at the crystallographic level can be studied dynamically
by calculating the ratio of the nonlinear susceptibility tensor components (d33/d15) obtained
from PR-SHG microscopy.
Using a cell stretch-based hypertrophic model, our coauthor Dr. Thomas Borg
observed an increase in the expression of protein turnover in stretched cardiomyocytes [95].
Recently, using a similar model, we captured sarcomeric addition under stretch. The means
of sarcomeric addition in our model is similar to the behavior assumed from observation
of in vivo hypertrophic models [28]. Therefore, our cell culture and stretch model can
simulate the mechanics in the process of real cardiac hypertrophy.
The cell stretch data (Figure 4.5 and Figure 4.6) demonstrate the changes in d33/d15
under mechanical tension. Our data show that the volume and pressure overload mimicked
by mechanical stretch can lead to a significant increase in the value of d33/d15. It is worth
noting that when no stretch is applied, the value of d33/d15 is significantly smaller in stretchfree cardiomyocytes (0.49 ± 0.05) than the value in normal myocardia (0.69 ± 0.06). This
may have been because the cardiomyocytes cultured on grooved PDMS substrate lack the
mechanical tension found in real myocardium. There is evidence that neonatal rat
ventricular cardiomyocytes cultured on a soft substrate will show reduced contraction
amplitude and frequency compared with the cells in vivo [126, 127].
Mechanical tension mediates the structural remodeling of myosin filaments through
intracellular cytoskeleton complexes associated with the sarcomeres (e.g., α-actinin,
paxillin, titin and myosin binding protein C) [128, 129]. The extensibility of the myosin
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filaments we observed in our overload-mimicking stretching model has been confirmed
[10]: Changes in myosin filament length in pressure- and volume-overloaded myocardium
are reported [130]. Although this length cannot be measured accurately, our previous
discussion suggests that changes in the mean harmonophore orientation angle (Figure 4.7
(B)), which is related to the length changes, can be quantified by PR-SHG microscopy.
As 15% stretch is applied (Figure 4.6), the value of d33/d15 increases over time in both
longitudinal and lateral stretch, but the responses of cardiomyocytes to longitudinal and
lateral stretch are different. When cardiomyocytes are stretched longitudinally, the
sarcomeric length immediately increases, but the value of d33/d15 increases slowly over
time. This suggests that the structural changes at the crystallographic level in the myosin
filaments caused by longitudinal mechanical tension do not occur instantaneously, and the
value of d33/d15 is not related to sarcomeric length (This result is consistent with the reports
from Schürmann S and coworkers [115]). When cardiomyocytes are stretched laterally, an
instantaneous increase of d33/d15 is detected, and the trend of change in d33/d15 is
synchronized with the change of cell cross-sectional width. This indicates that the
crystallographic structure of myosin filament is more sensitive to lateral stretch than
longitudinal stretch.
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Figure 4.7 (A) Schematic of a sarcomere structure. The anisotropic band (A-band) is the
region where myosin filaments and part of an actin filament are located; the isotropic
region (I-band) is occupied by actin. Titin runs from the Z-disk to the center of the
sarcomere. The Z-line is located in the middle of the A-band. (B) The myosin coil is made
up of two alpha-intertwined helices. The θ is the mean harmonophore orientation angle.

(C) The structure of a full-length myosin molecule is composed of the myosin coil (static
parts), and a hinge region (S2) connects the two myosin heads (S1) with the myosin coil;
S1 and S2 form the dynamic part. The model of double-headed rigor S1 extends from the
myosin filament backbone to attach to actin to form the cross-bridge.
In our cell culture experiments when the cardiomyocytes are longitudinally stretched,
titin, as a part of the stress responsive machinery, is the first sarcomeric component that
responds to the tension. Titin elongates due to its spring-like property; the immediate
increase in the sarcomeric length is attributable to titin [131]. The viscoelastic myosin
filaments are typically modeled as a mechanical component aligned in series with titin. The
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delayed response of the myosin filaments is reflected in the delayed increase in the value
of d33/d15, as shown in Figure 4.6 (D). As titin and the cytoskeleton gradually transferred
the tension to myosin [132, 133], the myosin coil is gradually stretched (the pitch angle is
reduced correspondingly) and thus causes a gradual increase in the value of d33/d15 from
0.49 to 0.64. The model is consistent with the experimental data in Figure 4.6: The value
of d33/d15 does not increase immediately after cells are stretched, but gradually increases as
the tension shifted.
Yoshikaway and coworkers reported that the passive stiffness of cardiomyocytes in
the transverse direction increases significantly in hypertrophied rat hearts, and that the
(residual) cross-bridge is the main factor leading to the increased passive stiffness [134].
This report suggests that the cross-bridge contributes to support the transverse mechanical
load. When the cardiomyocytes are laterally stretched, the tension is directly exerted on the
cross-bridge formed between myosin filaments and the actin filaments. The myosin
molecule can be modeled with a static part (myosin coil, which lies on the backbone of the
myosin filament) and a dynamic part (S1 and S2, which extend from the main myosin
filament body to attach to the actin filament) (as shown in Figure 4.7). An angle φ is
formed between the static part and the dynamic part, and the angle varies with different
physiological states [135]. The sliding of myosin heads on actin changes the angle between
the static and the dynamic parts. It has been demonstrated that the PR-SHG microscope is
sensitive to the physiological states of a myosin molecule that are characterized by different
angles of φ. According to numerical simulation results, a 20-degree increment of the angle
φ can trigger a significant increase in d33/d15. Consequently, we hypothesize that the during
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hypertrophy, the changes in the myosin head orientation in response to the mechanical
tension is one of the causes of changes in the value of d33/d15. An instantaneous change in
the value of d33/d15 demonstrates that there is no sarcomeric component like titin that can
buffer the initial lateral tension.
Our data cannot be used to distinguish the effects of the changes in angle θ and φ
during hypertrophy; however, our data demonstrate that hypertrophy may cause permanent
changes at the crystallographic level in the myosin filaments. These changes cannot be
revealed using conventional microscopic techniques and thus have not been reported in the
literature. But these changes may be used to explore the transition from physiological to
pathological hypertrophy; the latter has the potential to lead heart failure.
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4.5 Conclusion
According to our experimental data, both pregnancy-induced volume overload and
transverse-aortic constriction-induced pressure overload led to a significant increase in the
ratio value of the d33/d15 in myosin filament. And we have proved by cell stretch experiment
that mechanical tension is the cause that leads to the increase of d33/d15. In addition, the
relationship between the structural changes in myosin filament and the changes in the ratio
of the nonlinear susceptibility tensor components under mechanical tension are explored.
Considering that the volume overload and pressure overload are important causes of
cardiac hypertrophy, the findings in this chapter can help facilitate the early diagnosis of
cardiac hypertrophy induced by volume or pressure overload.
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CHAPTER V
DETECTION OF THE TRANSITION OF
CARDIAC MYOSIN HEAVY CHAIN FROM
ALPHA TO BETA ISOFORM USING
POLARIZATION-RESOLVED SHG
MICROSCOPY

5.1 Introduction
In mammalian myocardia, two closely related myosin isoforms (alpha- and beta-myosin)
are expressed, and their expressions are species-dependent and developmentally regulated
[45]. The relative distribution of the two ventricular myosin isoforms is in direct correlation
with the heart’s performance [45, 140]. Alpha-myosin is known to confer high actinactivated ATPase activity, while the actin-activated ATPase activity and actin filament
sliding velocity of beta-myosin are two to three times lower [51]. Studies indicate that a
small change in myosin isoform ratio significantly alters cardiac function [29]. Myosin-
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isoform transition in mammalian myocardia is closely associated with abnormal hormone
secretion [136], increased mechanical load [12, 15, 137, 138] and other heart diseases. For
example, healthy human heart ventricles express myosin isoforms with an alpha to beta
ratio of approximately 1:9, while failing human ventricles express no detectable alphamyosin [51, 139]. Significant negative linear correlations were observed between the
percentage of alpha-myosin content and the indexed left ventricular transverse diameter
[17]. And reportedly, chronic alcohol intake can significantly change the myosin
composition of mammalian myocardia [49].
Detection of the expression transition between myosin isoforms during heart
remodeling due to cardiac hypertrophy is critical to understanding heart physiology and
pathology. However, although functionally distinct, the two myosin isoforms show
considerable homology. For example, they have 95% identical amino acids [46, 50], and
their molecular mass difference is less than 0.2% [53, 141]. Traditional methods of
distinguishing these myosin isoforms, such as Western blotting and staining, are not only
inefficient, but also inapplicable to living tissue, and thus less likely to detect the dynamic
transition of the two myosin isoforms in a single living cardiomyocyte.
SHG microscopy has been widely applied for visualizing noncentrosymmetric
biomolecules in living tissue (e.g., myosin and collagen) without labeling. By utilizing the
polarization techniques, the polarization-resolved SHG (PR-SHG) microscopy can be used
to explore the crystallographic structure of biomolecules. Myosin is conventionally known
to possess hexagonal/cylindrical symmetry (class C6) in nonlinear optics. Our
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experimental results show that the polarization spectra of myosin are C6 line profile in the
myocardia of small mammals such as rat and mouse, whereas the myosin with C3v lineprofiled polarization spectra dominate in large mammals such as pig and human (please
refer to Figure 5.3 for details). This finding may be due to the species-dependence of the
expression of myosin isoform, since alpha-myosin dominates in small mammalian
myocardia while beta-myosin dominates in large mammalian myocardia. Therefore, we
hypothesize that the two myosin isoforms possess different crystal symmetry, and this
crystallographic difference can be captured by PR-SHG microscopy.
In this chapter, by utilizing hypothyroidism drug propylthiouracil (PTU) to induce the
transition of cardiac myosin expression from alpha to beta isoform in rat myocardia, the
shift in the crystal symmetry of the cardiac myosin from C6 to C3v is observed from the
SHG polarization spectra. The percentage of C3v line profiled polarization spectra is
linearly correlated to the percentage of beta-myosin. Furthermore, in cell culture
experiments, where cardiomyocytes are treated with the adrenergic agent norepinephrine
(NE) to induce myosin expression transition from alpha to beta isoform, the time-lapse
transition of the polarization spectra from C6 to C3v symmetry is observed in a single
cardiomyocyte. Through scanning the myosin filaments in a single sarcomere, we find that
the transition of the polarization spectra from C6 to C3v line profile occurs in the regions
where crossbridges are formed. Our study may pave the way for the alpha- and beta-myosin
discrimination and the diagnosis of related diseases, such as cardiac hypertrophy, at cellular
and molecular levels.
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5.2 Materials and Methods
5.2.1 SHG of C6 and C3v symmetric crystal

Figure 5.1 (A) The illustration of the geometric arrangement of a single myofibril relative
to the polarization of the applied excitation light. α is the angle between the incident
polarization of excitation light and the z-axis of myofibril. (B) Simulated plots of
normalized SHG intensity as a function of polarization angle (polarization spectrum) for
myosin with (i) cylindrical C6 and (ii) trigonal C3v crystal class symmetry.
Under the excitation light with angular frequency of ω, the induced 2nd-order
nonlinear polarization density P at frequency 2ω can be described as:
2
(𝜔𝜔, 𝜔𝜔)𝐸𝐸𝑗𝑗 (𝜔𝜔)𝐸𝐸𝑘𝑘 (𝜔𝜔) 𝑖𝑖, 𝑗𝑗, 𝑘𝑘 = 1,2,3 (5.1)
𝑃𝑃𝑖𝑖2 (2𝜔𝜔) = ∑𝑗𝑗𝑗𝑗 𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖
2
is the second-order nonlinear susceptibility tensor with 27 (3×3×3) components.
where 𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖

In the specific case of SHG, the second-order nonlinear susceptibility tensor components
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2
𝜒𝜒𝑖𝑖𝑖𝑖𝑖𝑖
can be represented as a 3x6 matrix d. Generally, myosin is known to possess

cylindrical symmetry (class C6), which has been confirmed by a great deal of studies on

the myosin in small mammalian myocardia, and its corresponding d matrix is given by
[117]:

𝑑𝑑𝑐𝑐6 = �

0
0
𝑑𝑑31

0
0
𝑑𝑑31

0
0
𝑑𝑑33

𝑑𝑑15
𝑑𝑑15
0

0
0
0

0
0
0

�

where d15, d31, and d33 are the only nonzero components. Figure 5.1 (A) depicts the
coordinate system that we defined to describe the orientation of the myofibril and the
excitation light polarization. It is assumed that the myofibril is located on the Y-Z plane
and oriented along the Z-axis. The excitation light is incident along the X-axis with electric
field polarization on the Y-Z plane. α is denoted the angle between the incident polarization
and the Z-axis. The three electric field components can be expressed as: Ey (ω) = E sin α,

Ez (ω) = E cos α , and Ex (ω) is approximately 0. Thus, based on the d matrix, the

relationship between the intensity of emitted SHG and the angle α is described as [8]:
𝑑𝑑

𝑑𝑑

2𝜔𝜔
𝐼𝐼𝑐𝑐6
~ [(𝑠𝑠𝑠𝑠𝑠𝑠2𝛼𝛼)2 + (𝑑𝑑31 𝑠𝑠𝑠𝑠𝑠𝑠2 𝛼𝛼 + 𝑑𝑑33 𝑐𝑐𝑐𝑐𝑐𝑐 2 𝛼𝛼)2 ]
15

15

(5.2)

However, our data show that most of myosin, in the myocardia of large mammals,
exhibit trigonal symmetry (class C3v). For C3v symmetry, the d matrix is given by:
0
𝑑𝑑𝑐𝑐3𝑣𝑣 = � −𝑑𝑑22
𝑑𝑑31

0
𝑑𝑑22
𝑑𝑑31

0
0
𝑑𝑑33
95

𝑑𝑑15
𝑑𝑑15
0

0
0
0

− 𝑑𝑑22
0
�
0

where d15, d22, d31, and d33 are the only non-zero components. Similarly, the relationship
between the intensity of the emitted SHG and the polarization angle of the incident
excitation light is described as:
𝑑𝑑

𝑑𝑑

𝑑𝑑

2𝜔𝜔
𝐼𝐼𝑐𝑐3𝑣𝑣
~ [(𝑑𝑑22 𝑠𝑠𝑠𝑠𝑠𝑠2 𝛼𝛼 + 𝑠𝑠𝑠𝑠𝑠𝑠2𝛼𝛼)2 + (𝑑𝑑31 𝑠𝑠𝑠𝑠𝑠𝑠2 𝛼𝛼 + 𝑑𝑑33 𝑐𝑐𝑐𝑐𝑐𝑐 2 𝛼𝛼)2 ]
15

15

15

(5.3)

To visually demonstrate the difference between C6 and C3v symmetry based on the d
matrix, the polarization spectra (the curve of the SHG intensity versus the polarization angle

of the incident light) for C6 and C3v symmetry are plotted in Figure 5.1 (B) (the settings
are: d31 /d15 = 1.00, d33 /d15 = 0.67 and d22 /d15 = 0 or 0.10, respectively for C6 and

C3v). Panel (i) shows the polarization spectrum for C6 symmetry (d22 = 0), where the

curve is symmetrical about 90°. A nonzero d22 produces the pattern in panel (ii), which
exhibits noticeable asymmetry about 90°.

The polarization spectrum can be determined experimentally, and the ratio values of
the second-order nonlinear susceptibility tensor components ( d31 /d15 , d33 /d15 and
d22 /d15 ) can be retrieved by fitting the polarization spectrum according to the Equation

(5.2) and (5.3). Therefore, we can study the structural and symmetric discrepancy between
myosin isoforms or myosin under different pathological conditions by comparing the
values of the second-order nonlinear susceptibility tensor components.
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5.2.2 PR-SHG imaging system

Figure 5.2 (A) Experimental setup of the PR-SHG microscope. (B) Grooved PDMS
substrate for cardiomyocyte alignment. (C) PDMS culture chamber. The grooved PDMS
squares are located at the bottom part of this chamber.
The construction of polarization-resolved SHG microscopy with an on-stage incubator is
described in Figure 4.2 (D). The excitation laser beam is generated from a Ti:Sapphire
laser (100 fs and 80 MHz, Tsunami 3960-X1BB pumped by a 9.5 W Millennia, Spectra-
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Physics) and is tuned to 830 nm. The other technical details of the SHG microscopy have
been discussed in 4.2.2.
All live cell imaging is performed in an on-stage incubator, which is composed of an
electronically heated aluminum frame with feedback control and two covers (H301-TC1HMTC, 2GF-MIXER, Okolab SRL, Ottaviano). A mixture of 95% air and 5% CO2 is
pumped through the heater unit, which contained deionized water, and the humidified air
mixture (~37oC, 95% humidity) is supplied to the chamber of the on-stage incubator. The
5% CO2 and 95% humidity mixture are retained by adjusting the balance between the
leakage and the supply through a feedback system. The 37oC temperature inside the culture
dish is preserved by adjusting the balance between heat loss and gain through a feedback
system including a temperature sensor placed inside the culture dish.

5.2.3 Sample preparation
In the research discussed in this chapter, the myocardial samples used for polarization
spectrum type statistics of myosin in different mammalian hearts are from two one-monthold male Sprague-Dawley rats, two one-month-old male CD-1 mice, two one-month-old
female New Zealand White ribbits, one three-month-old male Yorkshire White pig. Three
human left ventricular samples are obtained from three male heart-transplanted patients
with unknow age.
In the animal experiment where myosin isoform is induced to transition from alpha to
beta, a total of ten one-month-old Sprague-Dawley rats are used (five males and five
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females, the animal weighs are ~115 g.). Eight randomly selected rats are divided into four
hypothyroid groups (each group has one male and one female). Animals in each
hypothyroid group are administered PTU (500 mg/L) in the drinking water to induce the
transition of alpha- to beta-myosin [142, 143]. The PTU administration for the four
hypothyroid groups lasts for 4, 6, 8 and 10 weeks, respectively. The rats are then euthanized.
The control group consists of a male and a female rat. All procedures are approved by the
Clemson University Institutional Animal Care and Use Committee.
The harvested hearts are immediately perfused with cardioplegla high k+ solution to
ensure all cardiomyocytes in the muscles are in a relaxed state. The hearts are then fixed
by 4% paraformaldehyde perfusion at zero transmural pressure and embedded in optimal
cutting temperature (OCT) compound at -20 °C. To avoid variations due to possible
regional heterogeneity, all testing samples are taken from the left ventricle free wall, and
sections (~15 μm) are cut using a cryostat (HM550, Thermo Scientific). The sections are
transferred to histology slides. Then the OCT compound is washed away with PBS, and
the sections are secured between two glass cover slips. Next, these sections are imaged
under the PR-SHG microscope.

5.2.4 Cell culture
The cardiomyocytes are isolated and collected as previously described [119]. Briefly,
three-day-old Sprague-Dawley neonatal rats are euthanized. And the hearts are minced into
1 mm3 pieces and first digested with trypsin solution (0.55 mg/mL, Worthington
Biochemical) overnight, then shaken at 75 rpm in a collagenase solution (1 mg/mL
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collagenase II, Gibco; 0.24 U/mL neutral protease, Worthington Biochemical) for 1.5 h.
The fibroblasts are removed by pre-incubating the cells in a 150-cm2 flask with the culture
medium (DMEM solution, Fisher Scientific; 10% fetal bovine serum (FBS), VWR
International) for 2 h. The purified cardiomyocyte (~90%) suspension is diluted to 1 million
cells/mL and then seeded into grooved PDMS substrate culture dishes coated with
fibronectin (20 mg/mL, EMD Millipore). The grooved PDMS substrate is used to realize
end-to-end cell alignment to mimic in vivo-like cell morphology (as shown in Figure 5.2
(B)). In addition, the four corners of the grooved squares in Figure 5.2 (C) are used to label
the locations of the cells.
The isolated neonatal cardiomyocytes are cultured with normal culture media (DMEM
solution, Fisher Scientific; 10% fetal bovine serum (FBS), VWR International) for 12 hours
in grooved PDMS substrate. Then, the cells are washed three times with serum-free culture
media (DMEM solution, Fisher Scientific) and transferred to serum-free media
supplemented with 1X transferrin and insulin (Fisher Scientific) for 48 hours to remove
the remnant hormones. Then, induction culture media is used to induce the beta-myosin
expression (DMEM solution, Fisher Scientific; 2 µm/L NE, Sigma-Aldrich, and 0.1 mM/L
vitamin C, Sigma-Aldrich). The NE concentration is maintained for 72 hours. In the control
group, DMEM containing 0.1 mM/L vitamin C (Sigma-Aldrich) is used. During the 72hour induction period, time-lapse images on location labeled cardiomyocytes are taken
every 24 hours to observe the changes in the PR-SHG signal under the effect of the NE
[144-146].
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5.2.5 Image collection and analysis
In this study, images are collected at every 10-degree interval of the polarization angle of
the excitation light, which starts from 0 degree and continues until the polarization angle
reaches 170 degrees. In order to eliminate systematic errors such as stage drift, we reversely
collect anther 18 images every 10-degree interval starting at 170 degrees and back to the
0-degree polarization state. An image stack is then formed by the collected 36 images. A
region of interest (ROI) with 3 to 4 sarcomeres around a myofibril is selected on the image
stack to calculate the average gray value in each image. The obtained data are fitted to the
model given by Equation (5.2) and Equation (5.3). To retrieve the ratio values of the
susceptibility tensor components, we use a nonlinear least-squares method implemented in
MATLAB with four parameters as specified: d31 /d15 , d22 /d15 , d33 /d15 and a scalefactor.

5.2.6 Single sarcomere line scanning
The line scanning method used in our system is as follows. A target sarcomere is select and
draw a line perpendicular to this sarcomere across the A-band that indicates the scanning
position and direction. A point by point scan is performed along this line. The system
collects 512 points per scan and to reduce the errors, the line scanning is repeated 512 times
and then generates a 512 × 512-pixel image. After this, the polarization angle of the
incident light is changed for next scan. Similar to the method described in 5.2.5, we collect
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one data every ten-degree interval starting at 0 degree to 170 degrees and then reversely
scan another 18 data back to the 0-degree polarization state.

5.2.7 Western blot analysis
Levels of alpha- and beta-myosin expression in the PTU-induced rat cardiomyocytes are
evaluated by SDS-PAGE gel analysis using a protocol that separates myosin isoforms in a
minigel system [147, 148]. Laemmli sample buffer is used to collect whole cell
homogenates from myocardia treated by PTU for 0, 4, 6, 8 and 10 weeks. Equal amounts
of total protein are separated by 4-15% precast protein gels (Bio-Rad Laboratories) and
transferred onto polyvinylidene difluoride membranes (Bio-Rad Laboratories). The alphaand beta- myosin are probed using a monoclonal anti-alpha- and anti-beta-myosin primary
antibody (HPA001239, HPA001349, Sigma-Aldrich; 1:1000 dilution), followed by HRPlabeled anti-rabbit secondary antibody (A16023, Fisher Scientific). Antibodies to alphaactin (A2172, Sigma-Aldrich; A16017, Fisher Scientific) are used in the same western blot
to test for equal loading. After HRP-conjugated secondary antibodies, the immune
complexes are detected by chemiluminescence captured on Biospectrum 500 Imaging
System (UVP) and the densitometry of the alpha- and beta-myosin band profiles on the
western

blot

is
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with

ImageJ

http://rsbweb.nih.gov/ij/).
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5.2.8 Statistical analysis
In this chapter, the experimental data are presented as mean ± standard deviation (SD).
Statistical analysis is performed with SAS 9.4 software. One-way analysis of variance
(ANOVA) tests are used to determine mean separation. Two-sample Student’s t-tests are
then performed on the average values. P values of <0.05 are considered to be significant.
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5.3 Results
5.3.1 Polarization spectra of myosin in different mammalian ventricles

Figure 5.3 (A) The normalized polarization spectra of myosin in different mammalian
ventricles studied by PR-SHG microscopy (For data presentation, the value accumulates
0.2 for each curve). (B) The retrieved values of d22/d15 are 0.02 ± 0.02, 0.02 ± 0.02, 0.08
± 0.03, 0.13 ± 0.04 and 0.16 ± 0.04, respectively for mouse, rat, rabbit, pig, and human
ventricular myocardia. (Sample size n = 50 measurements/specie: 20 tissue slides are
arbitrarily selected from the left ventricle free wall, each animal in the one test specie
provides an equal number of slides; 2-4 measurements are made for each slide. *P < 0.05
vs. Mouse or rat. There was no statistical difference between the animals in the same group)
As shown in Figure 5.3 (A), the polarization spectra obtained from myosin in mouse or rat
ventricles are symmetrical about 90 degrees (consistent with the C6 line profile in Figure
5.1 (B) panel (i)), which demonstrates that myosin with C6 crystallographic symmetry
dominates in mouse or rat ventricles. However, the polarization spectra obtained from
rabbit, pig and human ventricles show significant asymmetry about 90 degrees, which
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demonstrate the existence of considerable C3v symmetric myosin in large mammalian
ventricles. The values of d22/d15 retrieved from rabbits, pig, and human ventricles are also
significantly greater than the ones collected from mouse or rat ventricles. Since the only
difference between C6 symmetry and C3v symmetry depends on the value of d22/d15, the
values of d31/d15 and d33/d15 are not discussed in this study. These values of d31/d15 and
d33/d15 mainly reflect the arrangement, orientation and the pitch angle of myosin molecules.

5.3.2 The changes in polarization spectrum and values of d22/d15 of myosin
as a function of PTU administration period

Figure 5.4 (A) The changes in polarization spectrum and (B) The corresponding retrieved
values of d22/d15 of myosin in rat ventricles as a function of PTU administration period.
(Sample size n = 50 measurements/group: 20 sections were arbitrarily selected from the
left ventricle free wall, 10 sections were collected per animal in each group; 2-4
measurements were made for each section. One-way ANOVA followed by Student’s t-test
was used to compare different groups, *P < 0.05 vs. Control. There was no statistical
difference between the animals in one group). (C) Western blots for 0, 4, 6, 8 and 10 weeks
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PTU rat ventricles. Gel lanes are approximately equally loaded as shown by the blot probed
with anti-alpha-actin (as a loading control).
Without PTU treatment, the polarization spectrum of myosin appears to be C6 line profile;
the retrieved value of d22/d15 is 0.02 ± 0.02, which is consistent with the result shown in
Figure 5.3 (B). However, under the induction of the PTU, the polarization spectra of
myosin gradually become asymmetrical with respect to the 90 degree and show C3v line
profiles. As the administration period of PTU increases, the polarization spectra are more
towards asymmetry. Meanwhile, the value of d22/d15 accordingly increases. For the myosin
from 4, 6, 8, and 10 weeks PTU treated rat ventricles, the retrieved values of d22/d15 are
0.05 ± 0.02, 0.7 ± 0.03, 0.11 ± 0.03, and 0.14 ± 0.04, respectively. The above results
indicate that the crystal symmetry of myosin gradually changes from the original C6 to
C3v symmetry under the induction of PTU.
To explore the correlation between the transition in polarization spectrum of myosin
and the PTU induced beta-myosin expression content, a western blot analysis is performed
on the rat ventricles tested in Figure 5.4 (C). In myocardial samples without PTU treatment,
alpha myosin dominates, and beta-myosin can hardly be detected. As the PTU
administration period increases, the expression of myosin gradually shifts from alpha- to
beta-myosin. According to the quantitative method described in the reference [149, 150],
the content of beta-myosin is approximately 3%, 22%, 40%, 55% and 85%, respectively,
for 0, 4, 6, 8 and 10 weeks PTU treated myocardial samples. Gel lanes, probed with antialpha-actin in Figure 5.4 (C), indicate that the amounts of protein loading are equal.
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5.3.3 Dynamic transition of myosin polarization spectrum from C6 to C3v
line profile in NE treated cardiomyocytes

Figure 5.5 Dynamic transition of the myosin polarization spectrum from C6 to C3v line
profile in NE-induced cell culture experiments. (A) Linear polarized SHG images of a cell
after 24, 48, and 72 hours NE administration. The red boxes in (A), selected from the same
sarcomere group in the same cell, indicate the acquisition locations of the polarization
spectra in (B). (B) Corresponding polarization spectra collect from the same part of the cell
after 24, 48, and 72 hours NE administration.
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In the cell culture experiment, 56 cardiomyocytes are respectively labeled for the test and
control groups. We obtain 26 and 34 valid time-lapse observations respectively for test and
control groups. Among the 26 valid time-lapse observations of the test group, it is found in
three labeled cells that the polarization spectrum of myosin dynamically transits from C6
to C3v line profile with the increase of NE administration-period. Figure 5.5 shows the
dynamic transition process for one of the three cells. It can be observed that the polarization
spectrum still basically shows a C6 line type after 24 hours of NE induction. However, as
the NE administration period increases, the polarization spectrum gradually shifts to the
C3v line profile, which is indicated by the fact that the polarization spectrum become
significantly asymmetrical with respect to the 90 degrees after 48-hour NE induction and
shows more towards asymmetry after 72 hours. As for cell morphology, there is no
significant change within 72 hours of NE induction. In the 34 valid time-lapse observations
from the control group, all the polarization spectra of myosin show a C6 line profile.

5.3.4 Single sarcomere line scanning
To locate the structural changes in myosin during the expression transition from alpha to
beta isoform, we perform the single sarcomere line scan for the 10-week PTU treated rat
ventricles. A total of one hundred randomly selected sarcomeres are scanned, where half
of them show C6 line profile and half show C3v line profile. Figure 5.6 shows the PRSHG imaging results of one of the sarcomeres with C3v line profile. Although the
polarization spectrum of this entire sarcomere collectively exhibited a C3v line profile, the
polarization spectra of the myosin in different parts of the sarcomere shows different
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symmetry. As shown in Figure 5.6 (C), the polarization spectra of myosin located at the
two ends of the A-band (the overlapping regions of myosin backbone and myosin heads)
exhibit C3v line profile, while the polarization spectra of myosin located near the M-line
remain C6 line profile. Moreover, it is found that the polarization spectra of the myosin in
different parts of the sarcomere having C6 line profile show the uniform symmetry, that is,
the polarization spectra of the myosin from the M-line region and from the two ends of the
A-band all show C6 line profile. The above phenomena are supported by the PR-SHG
imaging results of these one hundred sarcomeres.

Figure 5.6 Single sarcomere line scanning. (A) Linear polarized SHG image of the cells,
whose sarcomere shows C3v line profile in polarization spectrum. The green arrow
indicates the line scanning direction. (B) Linear polarized SHG image of the line scanned
single sarcomere. (C) The corresponding polarization spectra collected from the two ends
and the M-line area of the line scanned sarcomere. The colors of the curves in (C) are
consistent with those of the corresponding position boxes labeled in (B).
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5.4 Discussion
The ratios of the two myosin isoforms in different mammalian myocardia have been
extensively studied. It has been demonstrated that alpha-myosin dominates in one-monthold rat and in one-month-old mouse ventricles (> 90%) [152, 153]. The ratios of alpha- to
beta-myosin in one-month-old rabbit and adult human ventricles are approximately 1:1 and
1:9, respectively [14, 147, 148]. As discussed above, the value of d22/d15 is the only
indicator to determine the myosin symmetry. Thus, for purpose of analysis, we here set a
threshold value for d22/d15: the myosin in the ROI is considered to possess C3v symmetry
when the value of d22/d15 is greater than or equal to 0.08. As shown in Figure 5.3 with
assuming this threshold value of 0.08, it is found that 0, 0, 22 and 41 measurements in the
50 selected measurements for mouse, rat, rabbit and human ventricles showed C3v
symmetrical polarization spectra, respectively. By setting the threshold, our obtained
proportions of myosin with C3v symmetry agree well with the reported proportions of betamyosin. Furthermore, applying this threshold to the 0, 4, 6, 8 and 10-week PTU-treated rat
ventricles, we find that 0, 11, 18, 26 and 36 of the 50 selected measurements could be
considered as C3v symmetry respectively for each group. The ratios of alpha- and betamyosin obtained from the PR-SHG microscopy are practically consistent with those
displayed by the western blot shown in Figure 5.4(C). Therefore, we can confirm that the
transition of the polarization spectrum from C6 to C3v line profile is attributed to the
expression of beta-myosin.
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Figure 5.7 (A) Schematic structure of a single sarcomere. (B) The structure of a full-length
myosin molecule, which is composed of a static part(myosin coiled tail is made up of two
intertwined alpha-helices) that lies in the backbone of the myosin filament and a dynamic
part (a hinge region (S2) connects the two myosin heads (S1) with the myosin tail) that
extends from the main myosin filament backbone to attach to an actin filament to form the
cross-bridge.
As for protein crystals, such as myosin and collagen, the intrinsic second harmonic
signal lies in the susceptibility of the primary structures of proteins, which mainly includes
the amide bonds of polypeptide chains and the peptide bond -CO-HN- between two amino
acids [154]. However, whether a protein crystal can generate detectable second harmonic
signal depends on its three-dimensional lattice structure, which is determined by the folding,
the orientation and the symmetry of protein molecular [155]. In secondary structures of
proteins, such as alpha-helices, the susceptibility units are very well ordered, enabling the
constructive interference of the coherent SHG signal. Thus, the secondary structures of
proteins have an impact on the SHG emission efficiency. We note that the difference in the
polarization spectra of alpha- and beta-myosin in this chapter is not determined by the
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protein secondary structure, but by the crystal symmetry, that is, the number of non-zero
elements in polarizability tensor. Previous studies have proven that the symmetry of protein
crystal is decided by the tertiary and quaternary structure [156]. Therefore, our
experimental results indicate that alpha- and beta-myosin have different tertiary and
quaternary structures.
As shown in Figure 5.7, considering a single sarcomere structure, the M-line area
consists of only the myosin static part (coiled tail). The end parts of the A-band contain
both the myosin static and the dynamic parts. The single-sarcomere scan results shown in
Figure 6 demonstrates that the polarization spectrum differences between alpha- and betamyosin occur at the two ends of the A-band, which contains both static and dynamic parts.
However, the polarization spectrum of the M-line region shows that the static parts located
in the myosin filament backbones of alpha- and beta-myosin have the same crystal
symmetry. Therefore, the difference in the dynamic part located at the end parts of the Aband gives rise to the difference in the polarization spectra of the two myosin isoforms.
The SHG study for myosin has confirmed that myosin dynamic parts also generate
SHG signals and occupy a considerable proportion of the total SHG signal [26, 116].
Moreover, it has been determined that the main differences between alpha- and betamyosin lie in the myosin dynamic part. For example, the differences in the gene sequences
of alpha- and beta-myosin are mainly concentrated in the gene sequence encoding the
myosin head [157]. The ATPase activities of a hybrid myosin that consists of the alphamyosin static part and the beta-myosin dynamic part are similar to those of a beta-myosin
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[46]. The above study results agree well with our single sarcomere scan results shown in
Figure 5.6. Consequently, we speculate that the difference in the tertiary and quaternary
protein structure of the dynamic parts of alpha- and beta-myosin accounted for the different
symmetries. Considering that the final line profile of the polarization spectrum of myosin
is the result of linear superposition of the line profiles corresponding to alpha- and betamyosin within the focused volume, the PR-SHG microscopy can be used to accurately
determine the ratio of alpha- and beta-myosin in living cardiomyocytes.
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5.5 Conclusion
The experimental results in this chapter show that the myosin with C6 and C3v symmetry
respectively dominates in small and large mammalian myocardia. As the expression level
of beta-myosin increases in PTU-treated rat myocardia, the polarization spectra of myosin
shift from C6 to C3v line profile, verifying our hypothesis that alpha- and beta-myosin
possess different symmetries. In addition, the single sarcomere scan results indicate that it
is the dynamic parts of myosin filaments that account for the differences in polarization
spectra between alpha- and beta-myosin. Since the symmetry of protein crystal is
determined by tertiary and quaternary protein structure, we believe that the tertiary and
quaternary structure differences in myosin dynamic part lead to the difference in
polarization spectra between alpha and beta isoform. In addition, the dynamical transition
of polarization spectrum from C6 to C3v line profile is successfully observed in NE
induced cell culture experiments. The findings in this chapter suggest that PR-SHG
microscopy can serve as an effective method of distinguishing alpha- and beta-myosin in
living cells and has great prospects in early diagnosis of cardiac diseases related to myosin
isoform expression.
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CHAPTER VI

CONCLUSION

Both volume overload and pressure overload induced cardiac hypertrophies result in a
significant increase in the ratio value of the d33/d15 in myosin, compared with the ones in
normal myocardia. We have further demonstrated by cell stretch experiment that
mechanical tension account for the increase in d33/d15. The data shows that the overloaded
mechanical tension during cardiac hypertrophy changes the structure of myosin and the
ratio value of d33/d15 can be used as an indicator to measure the structural changes in myosin
during cardiac hypertrophy.
According to the experimental data in chapter 5, the polarization spectra of myosin
from PTU-induced myocardia gradually transit from C6 to C3v line profile as a function
of PTU administration period. And we confirm that the transition of the myosin
polarization spectra is synchronized with the expression of beta-myosin. In the single
sarcomere line scan experiment, it is further found that the parts that cause the differences
in polarization spectra between alpha-myosin and beta-myosin are located in myosin heads.
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We believe this is because the differences in the secondary structure of myosin head
between alpha- and beta-myosin lead to the differences in polarization spectra.
These findings not only deepen the understanding of cardiomyocyte remodeling
process during the development of cardiac hypertrophy, but also advance our long-term
goal of early diagnosis of cardiac hypertrophy at the molecular level.
Our current model is not yet perfect. The exercise-induced physiological cardiac
hypertrophy is not included, which is an inadequacy of this project. Even though it is
generally accepted that the pregnancy-induced hypertrophy is physiological, both
pregnancy-induced physiological hypertrophy and transverse-aortic constriction-induced
pathological hypertrophy lead to significant increases in the ratio value of the d33/d15 in
myosin. Moreover, we have no data on whether the ratio value of the d33/d15 will be restored
in the above two models when external stimuli disappear, which may be the key to
distinguishing physiological and pathological cardiac hypertrophy. Our hypothesis is that
pathological hypertrophy may cause permanent changes at the crystallographic level in
myosin.
In clinical, a catheter-based or fiber-based polarization-resolved second harmonic
generation imaging system can be developed to assess a patient’s heart in real time. The
flexible graded index fiber or photonic crystal fiber can reach the cardiomyocytes through
a vascular opening in the groin (upper thigh) or arm. The specially designed graded-index
fiber or photonic crystal fiber head can function as an objective lens, converging the
excitation beam and collecting the SHG signal. This design can help us study the structural
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changes in myosin or collagen under disease states or early diagnosis of cardiac diseases
in clinical cases. In addition, this assessment has the clinical potential to address why
hypertrophy caused by exercise, pregnancy, etc. makes the heart strong, but hypertrophy
caused by heart diseases such as high blood pressure may lead to heart failure.
Our further study of cardiac hypertrophy can focus on 1) distinguishing the differences
between physiological and pathological hypertrophies, 2) combining PR-SHG microscopy
with other advanced research methods, such as X-ray diffraction imaging, Fourier
Transform, the forward and backward signal ratio and Machine learning, and 3) applying
the research method in this dissertation to collagen. More broad application prospects are
expected.
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